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Abstract
We explore the radiative corrections to the process Z → bb¯ in models with ex-
tended Higgs sectors. The observables Rb and Ab are sensitive to these corrections. Rb
is the hadronic branching fraction of Z bosons to bb¯, Rb = Γ(Z → bb¯)/Γ(Z → hadrons).
Ab is the b quark asymmetry, Ab = (g
2
L − g2R)/(g2L + g2R) where gL and gR are the left and
right handed couplings of Z to b quarks. We find that in models containing only dou-
blets, singlets, or larger multiplets constrained by a custodial SU(2)c symmetry so that
MW = MZ cos θW at tree level, the corrections involving charged Higgs bosons always
worsen agreement with experiment. The Rb measurement can be used to set lower bounds
on the charged Higgs masses in such models. Corrections involving light neutral Higgs
bosons in models with enhanced H0bb¯ coupling (large tan β) can improve agreement with
experiment over the Standard Model. We present general formulas for the corrections to
Rb and Ab in an arbitrary extended Higgs sector, and derive explicit results for a number
of specific models.
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1Chapter 1
Introduction
The Standard Model (SM) of electroweak interactions [1,2,3] has been tested and
confirmed to unprecedented precision in the past several years at the e+e− colliders LEP
at CERN and SLC at SLAC (for recent data, see [4]). Precision measurements of many
electroweak observables have confirmed that the electroweak interactions are well described
by a spontaneously broken SU(2) × U(1) gauge symmetry. However, these measurements
have not allowed us to determine the dynamics of the symmetry breaking.
The couplings of quarks and leptons to the Z boson and the mass of the Z and
W have been measured. At tree level, the couplings of quarks and leptons to the Z are
entirely determined by the gauge structure of the theory. These couplings depend only on
the SU(2) × U(1) quantum numbers of the quarks and leptons, and the electric charge
and weak mixing angle sin2 θW .
The measurement of the Z and W masses provides us with one more piece of
information about electroweak symmetry breaking (EWSB). In the SM, the Z and W
masses MZ and MW are related at tree-level by
MW =MZ cos θW . (1.1)
This relation is satisfied experimentally to better than 1% [5]. In the SM this relation
is a consequence of the presence of an unbroken global SU(2) symmetry of the EWSB
sector, often called “custodial SU(2) symmetry” [6]. The three Goldstone bosons and the
three SU(2) gauge currents transform as triplets under the custodial symmetry. (For a
pedagogical discussion see [7].)
At the one–loop level the situation is different. The electroweak measurements
are precise enough to begin to probe the effects of one–loop corrections in the couplings
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of quarks and leptons to the Z and the W and Z masses. By measuring the one–loop
corrections we can gain more information about the EWSB sector.
In the SM, the electroweak symmetry is broken by the Higgs mechanism [8,9,10].
A set of scalar (Higgs) fields are introduced, with a potential which is symmetric under
SU(2) × U(1). The potential has a continuous set of degenerate minima at nonzero field
values; the symmetry is spontaneously broken by the ground state choosing one of the
degenerate minima.
The minimal SM Higgs sector consists of one complex SU(2) doublet of scalar
fields. After EWSB, three of the degrees of freedom are “eaten” by the W and Z bosons,
giving them mass, and leaving one CP–even neutral Higgs boson H0 in the physical spec-
trum. (For a review of the properties of the SM Higgs boson, see [11].)
Since the couplings of Higgs bosons to fermions and gauge bosons are propor-
tional to the fermion or gauge boson mass, one–loop corrections involving Higgs bosons
coupled toW , Z or third–generation quarks can be significant. In the SM, loop corrections
involving H0 coupling to gauge bosons depend logarithmically on the H0 mass. A fit to
the electroweak data gives an upper bound on the SM Higgs mass ofMH < 220 GeV at the
95% confidence level [4]. In the SM the Higgs couplings to third–generation quarks do not
give us additional information about the Higgs sector. Such corrections would contribute
to the decay Z → bb¯; the decays Z → tt¯ and W+ → tb¯ and its complex conjugate are
kinematically forbidden for on–shell W and Z. The coupling of H0 to b quarks is too small
to make an observable contribution to Z → bb¯. The coupling of the charged Goldstone
bosons G± to tb¯ is large enough to make an observable contribution to Z → bb¯, but the
contribution is fixed by electroweak symmetry; it depends only on the W and t–quark
masses, the electric charge and sin2 θW [12,13,14,15,16].
Many extensions to the minimal SM Higgs sector are possible. (For a review and
references see [11].) As in the SM, extended models typically must contain at least one
SU(2) doublet in order to give mass to the fermions. They can also contain additional
SU(2) doublets, singlets, and/or larger multiplets. In general, extended Higgs sectors will
yield charged Higgs bosons and additional neutral Higgs bosons in the physical spectrum.
Extended Higgs sectors contribute to the radiative corrections to the process Z → bb¯
through the charged Higgs couplings to tb¯ and the neutral Higgs couplings to bb¯.
The process Z → bb¯ yields two observable quantities, Rb and Ab. Rb is the
hadronic branching ratio of Z to b quarks,
Rb ≡ Γ(Z → bb¯)
Γ(Z → hadrons) (1.2)
and Ab is the b asymmetry,
Ab =
σ(e−L → bF )− σ(e−L → bB) + σ(e−R → bB)− σ(e−R → bF )
σ(e−L → bF ) + σ(e−L → bB) + σ(e−R → bB) + σ(e−R → bF )
, (1.3)
3where e−L,R are left and right handed initial–state electrons and bF,B are final–state b quarks
moving in the forward and backward directions. The forward direction is defined as the
direction of the initial–state electrons. In terms of the b quark couplings to Z,
Ab =
(gL
Zbb¯
)2 − (gR
Zbb¯
)2
(gL
Zbb¯
)2 + (gR
Zbb¯
)2
. (1.4)
Until 1996 the Rb measurement was significantly higher than the SM prediction
[17], and a number of models were introduced to bring the prediction into better agreement
with experiment [18] . These include models with a modified tree-level Zbb¯ coupling [19],
a significantly lower value for the top mass [20], or extra particles which contribute to
Rb through loop corrections [21,22,23,24,25]. The last two approaches take advantage of
the fact that the discrepancy in Rb was the same size as the top-mass-dependent loop
corrections to Z → bb¯, which arise from the exchange of longitudinally polarized W±
bosons (i.e., the SM Goldstone bosons G±). Since 1996 the Rb measurement has come
closer to the SM prediction but is still slightly high. It is best used to constrain models
that would predict a lower Rb than the SM.
In this thesis we introduce a parameterization for a general extended Higgs sector
and calculate the contribution to Z → bb¯ from one-loop radiative corrections involving
singly charged and neutral Higgs bosons. We obtain general expressions for the corrections
to the left- and right-handed Zbb¯ couplings, and then use the measurements of Rb and
Ab to constrain specific models. This approach has the advantage of yielding general
formulas for the corrections in terms of the couplings and masses of the Higgs bosons. The
formulas can then be specialized to any extended Higgs model by inserting the appropriate
couplings. Kundu and Mukhopadhyaya [26] have taken the same approach and calculated
the charged Higgs boson contributions to Z → bb¯ in a general extended Higgs sector.
However, the neutral Higgs boson contributions in a general extended Higgs sector do not
appear in the literature. Previously, the corrections to Z → bb¯ in extended Higgs sectors
had only been computed for the two Higgs doublet model (2HDM) [27,28,29,21].
This thesis does not take into account corrections to Z → bb¯ coming from loops
involving supersymmetric particles. However, in the limit of large superpartner masses, the
supersymmetric contributions decouple [30,31,32]. In this limit, our formulas are relevant
in supersymmetric models with extended Higgs sectors.
The method of parameterizing a general extended Higgs sector developed in this
thesis can also be used to calculate Higgs boson corrections to other processes, such as
b→ sγ and b→ cτ−ν¯τ .
This thesis is organized as follows. In chapter 2 we discuss the measurements
of Rb and Ab and the constraints that they put on the Zbb¯ couplings. In chapter 3 we
introduce the two Higgs doublet model and then generalize to an arbitrary extended Higgs
sector, as well as describing some of the features that such models contain. In chapters 4
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and 5 we calculate the radiative corrections to the Zbb¯ coupling. In chapter 4 we consider
the loops involving charged Higgs bosons while in chapter 5 we consider the loops involving
neutral Higgs bosons. In chapter 6 we apply the general formulas for loop corrections to
a number of specific models and exhibit constraints on the charged Higgs sector. We first
consider extended Higgs sectors containing only doublets and singlets, and then extend
the analysis to Higgs sectors containing larger multiplets as well. We summarize our
conclusions in chapter 7.
In the appendices we summarize a number of extended Higgs models, and list
formulas which we have used in our analysis. In appendix A we list the tree–level Z
couplings to quarks in the SM. In appendix B we list the Higgs couplings to vector bosons
for an arbitrary extended Higgs sector. In appendices C, D, and E we describe the details
of some of the extended Higgs models which are considered in our analysis. In appendix
C we list the couplings in the two Higgs doublet model. In appendix D we describe the
models containing two Higgs doublets and one triplet. In appendix E we describe a class of
models in which the Higgs sector preserves a “custodial” SU(2) symmetry. In appendix F
we give details of the calculation of one–loop integrals. Finally, in appendices G, H, and I,
we describe the experimental data used in this thesis. In appendix G we describe how the
Ab measurement was extracted from the data. In appendix H we list the SM parameters
used in our numerical calculations. Lastly, in appendix I, we describe the lower bounds on
Higgs masses from direct searches.
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Constraints from the data
The radiative corrections to Z → bb¯modify the Zbb¯ couplings from their tree-level
values. In this section we show how the experimental constraints on Rb and Ab constrain
the possible values of the effective Zbb¯ couplings. These constraints will provide limits on
the radiative corrections. The effective couplings are
g¯L,Rb = g
L,R
Zbb¯
+ δgL,R (2.1)
where g¯L,Rb are the radiatively–corrected effective couplings, g
L,R
Zbb¯
are the tree–level cou-
plings, and δgL,R contain the radiative corrections. Our notation and the tree–level cou-
plings are listed in appendix A.
The effective couplings g¯L,Rb are extracted from the measured values of Rb and
Ab in the next section. In order to use these to constrain new physics, the SM prediction
for g¯L,Rb must be known precisely. This requires an accurate value of sin
2 θlepteff , which can
be affected by oblique corrections from new physics. This issue is addressed in section 2.2.
2.1 Extracting the effective Zbb¯ couplings from Rb and Ab
Following the discussion by Field [19] and using his notation, the effective cou-
plings g¯L,Rb are related to Rb and Ab as follows.
Rb =
[
1 +
Sb
s¯bC
QCD
b C
QED
b
]−1
(2.2)
Ab =
2r¯b(1− 4µb)1/2
1− 4µb + (1 + 2µb)r¯2b
(2.3)
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where
r¯b =
v¯b
a¯b
(2.4)
s¯b = (a¯b)
2(1− 6µb) + (v¯b)2 (2.5)
v¯b = g¯
L
b + g¯
R
b (2.6)
a¯b = g¯
L
b − g¯Rb (2.7)
Sb =
∑
q 6=b
(a¯q)
2 + (v¯q)
2. (2.8)
µb is a correction factor coming from the nonzero mass of the b quark. Using the running
b quark mass in the MS scheme evaluated at MZ , m¯b(MZ) = 3.0 GeV [33], this correction
factor is µb = (m¯b(MZ)/MZ)
2 ≃ 1.0 × 10−3.
CQEDb and C
QCD
b are QED and QCD correction factors,
CQEDb = 1 + δ
QED
b − 〈δQEDq 6=b 〉 (2.9)
CQCDb = 1 + δ
QCD
b − δQCDq 6=b , (2.10)
where 〈δQEDq 6=b 〉 denotes the average of δQEDq 6=b over u, d, c, and s quarks, and,
δQEDq =
3(eq)
2
4π
α(MZ) (2.11)
δQCDq 6=b = 1.00
(
αs(MZ)
π
)
+ 1.42
(
αs(MZ)
π
)2
(2.12)
δQCDb = 0.99
(
αs(MZ)
π
)
− 1.55
(
αs(MZ)
π
)2
, (2.13)
where eq is the quark electric charge in units of the positron charge. Numerically, with
αs(MZ) = 0.12 and α
−1(MZ) = 128.9,
CQEDb = 0.99975 (2.14)
CQCDb = 0.9953. (2.15)
The non-b quark couplings are written as,
a¯q =
√
ρqT
q
3 (2.16)
v¯q =
√
ρq(T
q
3 − 2eq(s¯qW )2) (2.17)
where, assuming non-b quark universality, for all q 6= b,
√
ρq =
√
ρl = 2|a¯l| (2.18)
(s¯qW )
2 =
1
4
(1− r¯l), (2.19)
72.1 Extracting the effective Zbb¯ couplings from Rb and Ab
and T q3 is the third component of weak isospin of quark q. The SM prediction for the
effective couplings is then [19],
g¯Lb = −0.4208 (2.20)
g¯Rb = 0.0774. (2.21)
Together with the SM predictions for the leptonic couplings,
a¯l = −0.50124 (2.22)
r¯l = 0.07332, (2.23)
these yield the SM predictions for Rb and Ab,
RSMb = 0.21587 (2.24)
ASMb = 0.935. (2.25)
These are the SM predictions quoted in [4]. (For a discussion of how RSMb was obtained,
see appendix H.)
The measured values are [4],
Rb = 0.21680 ± 0.00073 (2.26)
Ab = 0.895 ± 0.016 (2.27)
Rb is measured directly at LEP and SLD. Ab is measured directly at SLD from the left-
right forward-backward asymmetry, and indirectly at LEP from the measured value of Ae
and the forward-backward asymmetry A0,bFB =
3
4AeAb. Details of the calculation of Ab,
and the inputs used, are listed in appendix G. The Rb measurement is 1.3σ above the SM
prediction, and the Ab measurement is 2.5σ below the SM prediction.
Defining
(g¯L,Rb )expt = (g¯
L,R
b )SM + δg
L,R
new (2.28)
we plot the experimental constraints from Rb and Ab on δg
L,R
new in figure 2.1. The central
value is at δgL = 0.0032 and δgR = 0.0210. Comparing these to the SM predictions, we see
that δgL is a 1% correction while δgR is close to a 30% correction. This is in approximate
agreement with the results of Field, [19] who found that a model independent fit of the Z
pole data yielded a right-handed b quark coupling 42% above the SM prediction.
It is also useful to expand Rb and Ab about their SM values, to first order in
δgR,Lnew . Using the SM parameters given above, we find
δRb = −0.7788δgLnew + 0.1410δgRnew (2.29)
δAb = −0.2984δgLnew − 1.623δgRnew . (2.30)
Note that a positive δgLnew decreases both Rb and Ab, while a positive δg
R
new increases Rb
and decreases Ab.
8Constraints from the data
-0.02
-0.01
0
0.01
0.02
0.03
0.04
0.05
0.06
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
δ 
gR
n
e
w
δ gLnew
Rb
Ab
Figure 2.1:
The constraints from Rb and Ab on the right– and left–handed Zbb¯ couplings. Plotted
are the allowed deviations δgR,Lnew of the couplings from their SM values. The 1 σ
errors are shown as solid lines and the 2 σ errors as dashed lines. The central value,
at δgLnew = 0.0032 and δg
R
new = 0.0210, is marked by the cross.
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2.2 Tree–level Zbb¯ couplings: The effect of oblique correc-
tions
In the SM, all electroweak observables are fixed by the measurement of three
quantities, commonly chosen to be the electromagnetic fine structure constant α, the
muon decay constant Gµ, and the Z mass. In particular, by measuring these quantities,
one can predict the value of sin2 θlepteff . In practice, many more electroweak observables are
measured and a fit is made to the SM parameters (see e.g., [34]).
However, the dependence of sin2 θlepteff on other electroweak observables can be
modified in models with new physics that contributes to oblique corrections. These mod-
ifications are parameterized by the Peskin–Takeuchi parameters S, T , and U [35]. In
particular [36],
sin2 θlepteff − [sin2 θlepteff ]SM ≡ δs2W =
α
c2W − s2W
[
1
4
S − s2W c2WT
]
. (2.31)
Nonzero values of the S and T parameters therefore modify the prediction for the tree–level
Zbb¯ couplings gL,R
Zbb¯
.
The S, T , and U parameters are defined relative to a reference SM, with a fixed
SM Higgs mass. In the reference SM they are all zero. For MSMH = MZ , a fit of the
electroweak data gives [37]
S = −0.16± 0.14 (2.32)
T = −0.21± 0.16 (2.33)
U = 0.25± 0.24. (2.34)
In order to understand the significance of oblique corrections of this size, we compute the
corrections to the SM predictions for Rb and Ab due to S, T , and U . To first order in δs
2
W ,
δRb =
Rb
s¯b
[
4v¯bg
R
b (1−Rb) +
32Rba¯
2
l
CQCDb C
QED
b
(
1
2s2W
− 10
9
)]
δs2W
s2W
(2.35)
= 0.0373δs2W = 1.35 × 10−4S − 9.62 × 10−5T (2.36)
δAb =
[
Ab
(
1−Ab (1 + 2µb)√
1− 4µb r¯b
)
2gRb
v¯b
]
δs2W
s2W
(2.37)
= −0.642δs2W = −2.32 × 10−3S + 1.66 × 10−3T (2.38)
where we have used the SM values all parameters as given in section 2.1 and [sin2 θlepteff ]SM ≡
(s2W )SM = 0.23157. The oblique corrections to the SM predictions for Rb and Ab do not
depend on U .
10
Constraints from the data
Inserting the measured central values of S and T , we find
δRb = −1.4× 10−6 (2.39)
δAb = 2.3 × 10−5. (2.40)
Comparing these corrections to the measured values in equations 2.26 and 2.27, we see
that the correction due to nonzero values of S and T is less than 1% of the experimental
error on both Rb and Ab. We can safely neglect these corrections.
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Chapter 3
Models with extended Higgs sectors
A wide variety of extensions to the minimal SM Higgs sector are possible. (For a
review and references see [11].) In this section we discuss some of the interesting features
of models with extended Higgs sectors. We also list some important formulas for the
couplings and Goldstone bosons in the two Higgs doublet model and a general extended
Higgs sector. These formulas will be used later in the corrections to the process Z → bb¯.
The ρ parameter in an extended Higgs sector
In an extended Higgs sector which contains one or more multiplets larger than
doublets, there is the possibility of having ρ 6= 1 at tree level. It is well known that ρ = 1
at tree–level in a Higgs sector containing only doublets and singlets [38,39]. In a general
Higgs sector, however, the tree–level ρ parameter is given by [11,40]
ρ ≡ m
2
W
m2Zc
2
W
=
∑
k 2(Tk(Tk + 1)− Y 2k /4)v2k +
∑
i 2Ti(Ti + 1)v
2
i∑
k Y
2
k v
2
k
, (3.1)
where k runs over the complex multiplets and i runs over the real multiplets in the Higgs
sector, and cW = cos θW . The Higgs vacuum expectation values (vevs) vk and vi for each
multiplet are defined as,
〈φ0k〉 = vk/
√
2 (3.2)
for complex representations, and
〈η0i 〉 = vi (3.3)
for real representations.
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Experimentally, ρ has been shown to be very close to one; in particular, ∆ρ ≡
ρ−1 = (3.9±1.2)×10−3 ([5], in which ∆ρ = ǫ1). Certain multiplets automatically satisfy
ρ = 1. These are multiplets for which [11],
(2T + 1)2 − 3Y 2 = 1. (3.4)
This equation is satisfied by the singlet (T, Y ) = (0, 0), the familiar doublet (12 , 1), and a
series of complicated larger multiplets, (3, 4), (252 , 15), etc. Higgs sectors that contain only
multiplets of this type yield ρ = 1 without any fine–tuning of the parameters of the Higgs
potential.
However, problems arise when one attempts to construct a Higgs sector in which
the only multiplets larger than doublets satisfy equation 3.4. First, the Higgs sector
must contain at least one doublet in order to give mass to the fermions. Then the Higgs
potential will be forced by SU(2)L × U(1)Y –invariance to have an accidental continuous
global symmetry (e.g., a separate U(1) rotation of each of the multiplets larger than
doublets). The global symmetry is spontaneously broken when the larger multiplets get
vevs, resulting in massless Goldstone bosons in the physical spectrum. As described in
reference [41], the physical spectrum must also contain a light CP–even Higgs boson H0
with mass on the order of the vev of the larger multiplet. This is required because the
mass splitting between the massless Goldstone boson and H0 is on the order of the vev
that breaks the accidental global symmetry. Such a massless Goldstone boson is then ruled
out by the experimental limits on Z → a0H0, where a0 is the massless Goldstone boson
[41].
The accidental global symmetries can be eliminated by introducing a set of new
Higgs multiplets to couple the U(1) rotations of the larger multiplets to those of the
doublet, so that the model has only one U(1) symmetry, that of hypercharge. However,
these new multiplets will in general spoil ρ = 1. There are two ways that ρ ≈ 1 can
be maintained. First, we can require that the vevs of the new multiplets must be small
enough to satisfy the experimental constraints on ρ. This requires an unnatural fine–
tuning. A completely general Higgs sector can be made to agree with ρ ≈ 1 by fine–tuning
the parameters of the model so that the multiplets that would contribute to ρ 6= 1 have
very small vevs. Second, we can introduce a set of new Higgs multiplets such that the
entire Higgs sector preserves a custodial SU(2)c symmetry. This can be done for each of
the multiplets that satisfy equation 3.4. The new multiplets eliminate the accidental U(1)
symmetry, while at the same time the SU(2)c symmetry ensures that ρ = 1 by ensuring that
equal masses are given to the W± and W 3 gauge bosons. Models with SU(2)c symmetry
are discussed in detail in appendix E.
In general, the SU(2)c symmetry is preserved through a conspiracy of the vevs and
electroweak quantum numbers of the Higgs multiplets in the model. This conspiracy can be
made exact to all orders in the Higgs self–couplings by requiring that the Higgs potential be
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invariant under the custodial SU(2)c symmetry. This is only possible when the Higgs sector
consists of certain sets of multiplets, which transform together under an SU(2)L× SU(2)R
symmetry. Such a model involving triplet Higgs fields has been constructed by Georgi
and Machacek [42]. It was considered in greater depth by Chanowitz and Golden [43],
who showed that a Higgs potential for the model could be constructed that was invariant
under the full SU(2)L × SU(2)R. This ensured that radiative corrections from Higgs self–
interactions preserved SU(2)c. A more detailed study of the phenomenology of the model
[44] and naturalness problems from one–loop effects [45] was made by Gunion, Vega, and
Wudka. The fields in this model consist of one Y = 1 complex doublet, one real (Y = 0)
triplet, and one Y = 2 complex triplet. The SU(2)c symmetry ensures that the vevs of the
neutral members of the two triplets are equal, yielding ρ = 1. This model must be fine
tuned because SU(2)c–breaking terms arise in the Higgs potential at the one–loop level [45]
from corrections involving the hypercharge interactions. For more details, see appendix E.
Higgs couplings in an extended Higgs sector
An extended Higgs sector that contains multiplets larger than doublets can have
Higgs couplings which differ from the analogous couplings in the SM and in models contain-
ing only doublets and singlets. Some couplings can be enhanced relative to their values in
models containing only doublets and singlets, and other couplings exist that are not present
in simpler models. For simplicity, we assume that the Higgs sector is CP–conserving. We
denote the CP–even neutral Higgs bosons by H0i , the CP–odd neutral Higgs bosons by
A0i , and the charged Higgs bosons by H
+
i , H
++
i , etc.
The Higgs couplings to Z andW± are affected because of their dependence on the
isospin of the electroweak eigenstates involved. For example [see equations 3.26 – 3.29], the
couplings gZH0
i
A0
j
, gZH+
i
H−
i
, gW+W−H0
i
, and gZZH0
i
can be enhanced in a model containing
multiplets larger than doublets. This can lead to an enhancement of the production
cross section for certain Higgs bosons through the processes Z∗ → H0i A0j , Z∗ → H+i H−i ,
W ∗ → WH0i , and Z∗ → ZH0i , as well as enhancement of the loop correction to Z → bb¯
from the diagram of figure 4.3(a).
Certain couplings exist in models with multiplets larger than doublets that are
zero in models containing only doublets and singlets. For example, off–diagonal charged
Higgs couplings to Z (equation 3.27), and the H±i W
∓Z vertex, described in [11] and
references therein, are generally nonzero in Higgs sectors that include multiplets larger
than doublets. The off–diagonal charged Higgs couplings to Z can lead to loop corrections
to Z → bb¯ involving two charged Higgs bosons of different mass in the loop. The Feynman
diagram for this process is given in figure 4.3(a).
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3.1 The two Higgs doublet model
In this section we briefly review some properties of the two Higgs doublet model
(2HDM). A working knowledge of this model will be useful when we consider a general
extended Higgs sector in the next section. For a more complete treatment see reference
[11,21]. The discussion below follows [21]. The complete Higgs couplings to fermions and
the Z–Higgs–Higgs couplings in this model are listed in appendix C.
The 2HDM is the usual SU(2)L × U(1)Y SM with an extended Higgs sector
consisting of two complex doublets of scalar fields, Φ1 and Φ2, with hypercharge Y = 1.
Note that any model that contains a complex Higgs multiplet Φ with hypercharge Y can be
rewritten in terms of the conjugate multiplet iσ2Φ
∗ with hypercharge −Y . The electroweak
gauge symmetry SU(2)L ×U(1)Y is broken down to electromagnetic U(1)EM by choosing
a Higgs potential such that the two real neutral Higgs fields acquire the vevs v1 and v2.
The Goldstone bosons are then
G0 = cos βφ0,i1 + sin βφ
0,i
2 (3.5)
G+ = cos βφ+1 + sin βφ
+
2 (3.6)
where the Higgs doublets are Φk = (φ
+
k , φ
0
k), the neutral component is φ
0
k =
1√
2
(vk+φ
0,r
k +
iφ0,ik ), and the ratio of the vevs is parameterized by tan β = v2/v1. The W
± and Z bosons
acquire mass through the Higgs mechanism and the fermions acquire mass through their
Yukawa couplings to the Higgs bosons. The vevs of the two Higgs doublets are constrained
by the W mass, M2W = g
2(v21 + v
2
2)/4 = g
2v2SM/4, where vSM = 246 GeV.
In addition to the Goldstone bosons, the 2HDM contains one charged Higgs boson
H+, one CP–odd neutral Higgs boson A0, and two CP–even neutral Higgs bosons h0 and
H0. The Higgs mass eigenstates are
H+ = − sinβφ+1 + cos βφ+2 (3.7)
A0 = − sin βφ0,i1 + cos βφ0,i2 (3.8)
h0 = − sinαφ0,r1 + cosαφ0,r2 (3.9)
H0 = cosαφ0,r1 + sinαφ
0,r
2 . (3.10)
The two CP–even neutral states are defined so that h0 is lighter than H0. α is a mixing
angle determined by the Higgs potential.
In the SM, the diagonalization of the quark mass matrix automatically diagonal-
izes the Yukawa couplings of the neutral Higgs boson to quarks. Thus in the SM, there are
no tree–level flavor–changing neutral Higgs interactions. In the 2HDM with the most gen-
eral Higgs Yukawa couplings, however, flavor–changing neutral Higgs interactions can arise.
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These interactions are severely constrained by the measurements of K0− K¯0 and B0− B¯0
mixing, which arise at the one–loop level in the SM. Because the constraints on flavor–
changing neutral Higgs couplings involving first–generation quarks are the strongest, it has
been suggested that the flavor–changing couplings should be proportional to the masses
of the quarks involved in the coupling, so that the couplings are of order
√
mimj/vSM ,
where vSM = 246 GeV is the SM Higgs vev. Even with the Yukawa couplings suppressed
by first–generation quark masses, however, the measurements of K0 − K¯0 and B0 − B¯0
mixing require thatMA0 is above 2 TeV [46]. The constraint onMA0 from flavor–changing
neutral Higgs interactions is significantly stronger than the constraints on Higgs masses
from Rb that we will present.
The severe constraints on flavor–changing neutral Higgs interactions led Glashow
and Weinberg [47] and Paschos [48] to introduce a discrete symmetry in order to forbid
tree–level flavor–changing neutral Higgs interactions in models with more than one dou-
blet. They showed that a sufficient condition to eliminate flavor–changing neutral Higgs
interactions in a model containing more than one Higgs doublet is that the fermions of each
charge receive their mass from couplings to exactly one neutral Higgs field. (Note that
mass terms for quarks that conserve baryon number and are SU(2)L × U(1)Y –invariant
can only arise from couplings to Higgs doublets with hypercharge Y = ±1.)
With the discrete symmetry of references [47,48], there are two possible configu-
rations for the quark Yukawa couplings in the 2HDM, referred to as the Type I and Type
II models. In the Type I model, all the quarks couple to Φ1, and not to Φ2. In the Type
II model, the down–type quarks couple to Φ1 and the up–type quarks couple to Φ2. The
Higgs sector in the minimal supersymmetric model is a Type II 2HDM.
In a Type I model, one Higgs doublet Φ1 gives mass to both t and b quarks. The
Yukawa couplings are,
λt =
√
2mt
v1
(3.11)
λb =
√
2mb
v1
. (3.12)
Note that in a Type I model, λb/λt = mb/mt, so λb ≪ λt for all values of v1.
In a Type II model, Φ1 couples to b quarks and Φ2 couples to t quarks. The
quark Yukawa couplings are then,
λt =
√
2mt
v2
(3.13)
λb =
√
2mb
v1
(3.14)
Note that in a Type II model, λb/λt = (mb/mt) tan β, so λb can be enhanced relative to λt
by choosing v1 much less than v2 (i.e., choosing tan β to be large). The Yukawa couplings
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for the 2HDM Higgs mass eigenstates are listed in appendix C.
3.2 A general extended Higgs sector
In this thesis we consider the effects of a general extended Higgs sector on the
Z → bb¯ decay rate. We remind the reader that an extended Higgs sector consists of a
number of scalars organized into multiplets according to their transformation properties
under SU(2)L × U(1)Y . The Higgs sector must contain at least one SU(2)L doublet to
give mass to the SM fermions. The Higgs sector is divided into complex representations,
denoted by φk, and real representations, denoted by ηi. We define a real representation as
consisting of a real multiplet of fields with integer weak isospin and hypercharge Y = 0,
as in reference [11]. We also assume that the Higgs sector is CP–conserving, so that
the neutral Higgs mass eigenstates are either CP–even or CP–odd. We will denote a
CP–even state by H0i and a CP–odd state by A
0
j . A Higgs potential is chosen to break
SU(2)L × U(1)Y down to U(1)EM such that the neutral member of each of the Higgs
multiplets acquires a vev. We denote the vevs of complex representations by vk and the
vevs of real representations by vi. The vevs are normalized as in equations 3.2 and 3.3.
These vevs are constrained by the W mass, which for a general extended Higgs sector is
given by,
M2W =
g2
4
{∑
k
2v2k(Tk(Tk + 1) −
Y 2k
4
) +
∑
i
2v2i Ti(Ti + 1)
}
=
g2
4
v2SM , (3.15)
where vSM = 246 GeV. The Goldstone bosons are given by,
G0 =
∑
k Ykvkφ
0,i
k√∑
k Y
2
k v
2
k
(3.16)
G+ =
{∑
k
[
[Tk(Tk + 1)− Yk(Yk − 2)/4]1/2 vkφ+k
− [Tk(Tk + 1)− Yk(Yk + 2)/4]1/2 vk(φ−k )∗
]
+
∑
i
[2Ti(Ti + 1)]
1/2 viη
+
i
}
×
{∑
k
2v2k(Tk(Tk + 1)− Y 2k /4) +
∑
i
2v2i Ti(Ti + 1)
}−1/2
, (3.17)
and we use the phase convention,
G− = −(G+)∗. (3.18)
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Note that for a Higgs boson in a complex representation, (φQ)∗ is a state with charge −Q
but is not the same as φ−Q. For a Higgs boson in a real representation, we use the phase
convention (η+)∗ = −η−.
In a Higgs sector that contains only multiplets for which ρ = 1 automatically (see
equation 3.4), the W mass and the formula for G+ simplify to,
M2W =
g2
4
∑
k
Y 2k v
2
k (3.19)
G+ =
∑
k
[[
(Y 2k + Yk)/2
]1/2
vkφ
+
k −
[
(Y 2k − Yk)/2
]1/2
vk(φ
−
k )
∗
]
√∑
k Y
2
k v
2
k
. (3.20)
The Yukawa couplings of a general extended Higgs sector take the form of either
a Type I or Type II model, and are defined in the same way as in the 2HDM. If the
extended model contains only one Higgs doublet, Φ1, it is necessarily a Type I model, with
the Yukawa couplings given in equations 3.11 and 3.12. If the extended model contains
two or more Higgs doublets, then it can be either a Type I model or a Type II model. If
all the quarks couple only to one Higgs doublet Φ1, the model is Type I, with the Yukawa
couplings given in equations 3.11 and 3.12. Alternatively, if the down–type quarks couple
to one Higgs doublet Φ1 and the up–type quarks couple to a different Higgs doublet Φ2,
then the model is Type II, with the Yukawa couplings given in equations 3.13 and 3.14.
When the Higgs mass–squared matrix is diagonalized, the electroweak eigenstates
mix to form mass eigenstates. Recall that we have assumed that the Higgs sector is CP–
conserving. We denote the CP–even neutral Higgs bosons by H0i and the CP–odd neutral
Higgs bosons by A0i . The couplings of the Higgs mass eigenstates to quarks take the form,
i(gLHq¯qPL + g
R
Hq¯qPR) = i(g
V
Hq¯q + g
A
Hq¯qγ5). (3.21)
The individual couplings to bb¯ and bt¯ in a Type II model are given by,
gVH0
i
bb¯ = −
1√
2
λb〈H0i |φ0,r1 〉 (3.22)
gAA0
i
bb¯ = −
i√
2
λb〈A0i |φ0,i1 〉 (3.23)
gR
H+
i
t¯b
= −λb〈H+i |φ+1 〉 (3.24)
gL
H+
i
t¯b
= +λt〈H+i |φ+2 〉. (3.25)
The couplings for a Type I model are obtained by replacing φ+2 with φ
+
1 in equation 3.25;
the other couplings remain the same.
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The Z–Higgs–Higgs couplings take the form given in equation B.4. The Z–Higgs–
Higgs couplings involving neutral and singly–charged Higgs bosons are,
gZH0
i
A0
j
=
ie
sW cW
N∑
k=1
〈H0i |φ0,rk 〉〈A0j |φ0,ik 〉T 3φ0
k
(3.26)
gZH+
i
H−
j
= − e
sW cW
{
N∑
k=1
〈H+i |φ+k 〉〈H+j |φ+k 〉T 3φ+
k
− s2W δij
}
. (3.27)
For completeness, we also give the W+W−H0i and ZZH
0
i couplings. The V –Higgs–Higgs
(V =W ,Z) take the form given in equation B.6. The W+W−H0i coupling is,
gW+W−H0
i
= g2
∑
k
〈H0i |φ0,rk 〉vk
(
Tk(Tk + 1)− Y
2
k
4
)
, (3.28)
and the ZZH0i coupling is,
gZZH0
i
=
g2
2c2W
∑
k
〈H0i |φ0,rk 〉vkY 2k (3.29)
where sW = sin θW , cW = cos θW , and T
3
φ is the third component of the weak isospin of
φ. The complete Higgs–Vector boson couplings can be found in appendix B.
Although the Z–Higgs–Higgs couplings are diagonal in the electroweak basis,
they are not necessarily diagonal in the mass eigenstate basis. In addition, the ZH+H−
couplings can differ from the SM ZG+G− coupling. This can happen in a general model
if H+ has some admixture of a multiplet larger than a doublet. In the SM, the ZG+G−
coupling is,
gZG+G− = −
e
sW cW
(
1
2 − s2W
)
. (3.30)
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Chapter 4
Charged Higgs corrections to Z → bb¯
In the SM, the Zbb¯ couplings receive a correction from the exchange of the longi-
tudinal components of theW± and Z bosons. The Feynman diagrams for these corrections
are shown in figure 4.1. We work in the ’t Hooft-Feynman gauge, in which the longitu-
dinal components of W± and Z are just the Goldstone bosons G± and G0. In this gauge
the Goldstone bosons are physical degrees of freedom and have masses MW and MZ , re-
spectively. The diagrams in figure 4.1 give the leading m2t contribution to δg
L,R in the
SM. A detailed review of the calculation of these diagrams is given in reference [49]. The
diagrams in figure 4.2 also contribute to δgL,R but their contributions are suppressed by
a factor of m2Z/m
2
t compared to the diagrams of figure 4.1.
In an extended Higgs sector which contains singly charged Higgs states H±i , the
corrections to δgL,R arise from the diagrams of figure 4.3, where H±i runs over all the
singly charged states in the Higgs sector, including G±.
In calculating the corrections shown in figure 4.3 we make the following approx-
imation. We keep only the leading term in powers of m2t/M
2
Z . In δg
L this leading term
is proportional to m2t , where the two powers of mt come from the left–handed Higgs–
quark couplings gL
H+
i
t¯b
. In δgR the right–handed Higgs–quark couplings are proportional
to m2b tan
2 β, so the leading term in δgR does not grow with increasing mt. This approxi-
mation has been used in calculating the large m2t–dependent corrections to Rb in the SM
in the classic papers [13,14,15,16], and in calculating the corrections in extended Higgs
sectors in references [27,28,29,21,26].
In figure 4.3(d), the W± are longitudinally polarized. The two diagrams in figure
4.3(d) involving a ZW+H−i vertex can be nonzero in models containing Higgs multiplets
larger than doublets. However, their contribution to Rb and Ab is suppressed by a factor
of m2Z/m
2
t compared to diagrams 4.3(a), (b) and (c), and we will neglect them. Evaluating
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Figure 4.1:
Feynman diagrams of the leading m2t contributions to the electroweak corrections to
Z → bb¯ in the SM.
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Figure 4.2: Feynman diagrams of the subleading electroweak corrections to Z → bb¯ in the SM.
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Figure 4.3:
Feynman diagrams of the electroweak corrections to Z → bb¯ in a model with an
extended Higgs sector.
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diagrams 4.3(a), (b), and (c), we get
δgL,R(a) =
1
16π2
∑
i,j
gL,R
H+
i
t¯b
gL,R
H+
j
t¯b
gZH+
i
H−
j
× 2C24(m2b ,M2Z ,m2b ;m2t ,M2i ,M2j ) (4.1)
δgL,R(b) = − 1
16π2
∑
i
(gL,R
H+
i
t¯b
)2 {−2gR,LZtt¯ C24 +
1
2
gR,LZtt¯ + g
L,R
Ztt¯ m
2
tC0}
(m2b ,M
2
Z ,m
2
b ;M
2
i ,m
2
t ,m
2
t ) (4.2)
δgL,R(c) =
1
16π2
∑
i
(gL,R
H+
i
t¯b
)2gL,R
Zbb¯
B1(m
2
b ;m
2
t ,M
2
i ). (4.3)
The two– and three–point integrals C24, C0, and B1 are defined in appendix F. The sums
over i and j run over all the singly charged Higgs mass eigenstates H+i as well as the
Goldstone boson G+. Where no ambiguity is involved, we have given the arguments of
groups of tensor integrals that depend on the same variables only once at the end of the
group. These expressions for δgL agree with those of Kundu et al. [26]. For compactness
we will drop the first three arguments of the three–point integrals, (m2b ,M
2
Z ,m
2
b), because
these arguments are the same in all the expressions. The first three arguments of the
three–point integrals depend only on the masses of the on–shell external particles.
Collecting the results, and expressing the corrections in terms of the quark
Yukawa couplings, we obtain for a Type II model,
δgL = − 1
16π2
λ2t
e
sW cW
∑
i,j
〈H+i |φ+2 〉〈H+j |φ+2 〉
{
N∑
k=1
〈H+i |φ+k 〉〈H+j |φ+k 〉T 3φ+
k
− s2W δij
}
×2C24(m2t ,M2i ,M2j )
− 1
16π2
λ2t
∑
i
〈H+i |φ+2 〉2
{
−2gRZtt¯C24 +
1
2
gRZtt¯ + g
L
Ztt¯C0
}
(M2i ,m
2
t ,m
2
t )
+
1
16π2
λ2t g
L
Zbb¯
∑
i
〈H+i |φ+2 〉2B1(m2b ;m2t ,M2i ) (4.4)
δgR = − 1
16π2
λ2b
e
sW cW
∑
i,j
〈H+i |φ+1 〉〈H+j |φ+1 〉
{
N∑
k=1
〈H+i |φ+k 〉〈H+j |φ+k 〉T 3φ+
k
− s2W δij
}
×2C24(m2t ,M2i ,M2j )
− 1
16π2
λ2b
∑
i
〈H+i |φ+1 〉2
{
−2gLZtt¯C24 +
1
2
gLZtt¯ + g
R
Ztt¯C0
}
(M2i ,m
2
t ,m
2
t )
+
1
16π2
λ2bg
R
Zbb¯
∑
i
〈H+i |φ+1 〉2B1(m2b ;m2t ,M2i ). (4.5)
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The corrections for a Type I model are obtained by replacing φ+2 with φ
+
1 in δg
L.
We see that δgL is proportional to λ2t and δg
R is proportional to λ2b . Clearly, δg
R
is negligible compared to δgL, except in a Type II model when λb is enhanced by small
v1. In this situation there is also a significant contribution to δg
L,R coming from loops
involving the neutral Higgs bosons, as described in the next section.
In the Type II 2HDM, δgR is proportional to (mb tan β)
2, while δgL is propor-
tional to (mt cot β)
2. At large tan β, δgR is enhanced and δgL is suppressed. λt and λb are
the same size when tan β = mt/mb ≃ 50. However, because of their different dependence
on the Zqq¯ couplings, δgL and δgR are the same size when tan β ≃ 10.
The formulas in equations 4.4 – 4.5 can be simplified a great deal. Electromag-
netic gauge invariance requires that the terms proportional to s2W (from the Zqq¯ and
ZH+H− couplings) add to zero in the limit M2Z → 0. This provides a check on our cal-
culations. In our approximation we neglect terms of order M2Z/m
2
t . Using the expansions
for the two– and three–point integrals given in appendix F and neglecting terms of order
M2Z/m
2
t in the three–point integrals, we find that the terms proportional to s
2
W cancel.
The corrections can then be written as
δgL,R = ∓ 1
16π2
e
sW cW
∑
i
(gL,R
H+
i
t¯b
)2
1
2
m2tC0(M
2
i ,m
2
t ,m
2
t )
− 1
16π2
e
sW cW
∑
i
(gL,R
H+
i
t¯b
)2
∑
k
〈H+i |φ+k 〉2(T 3φ+
k
− 1
2
)2C24(m
2
t ,M
2
i ,M
2
i )
− 1
16π2
e
sW cW
∑
i
∑
j 6=i
(gL,R
H+
i
t¯b
)(gL,R
H+
j
t¯b
)
∑
k
〈H+i |φ+k 〉〈H+j |φ+k 〉T 3φ+
k
×2C24(m2t ,M2i ,M2j ). (4.6)
The third term in equation 4.6 is the sum of the diagrams 4.3(a) for two different charged
Higgs bosons H+i and H
+
j in the loop. It is only nonzero when there are nonzero off–
diagonal ZH+i H
−
j couplings (i 6= j). The second term describes the contribution to dia-
grams 4.3(a) from diagonal ZH+i H
−
i couplings when T
3
φ+
k
is different from 1/2. This term
is only nonzero when the Higgs sector contains multiplets larger than doublets. The first
term comes from the sum of diagrams 4.3(b) and (c), plus the remaining part of diagram
4.3(a) with T 3
φ+
k
= 1/2. This part of diagram 4.3(a) is what we would get if we replaced all
of the ZH+H− couplings with the SM ZG+G− coupling, gZG+G− = −esW cW (
1
2 − s2W ). Note
that for mt ≫MZ , C0(M2i ,m2t ,m2t ) is negative (see appendix F). Therefore the first term
of δgL (δgR) is always positive (negative) definite, which decreases the prediction for Rb.
We can learn much from equation 4.6 about the contributions to δgL,R from
charged Higgs boson exchange in various types of Higgs sectors. First, if the Higgs sector
contains only doublets and singlets, T 3
φ+
k
= 1/2 and there are no off-diagonal ZH+H−
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couplings. Then the second and third terms of equation 4.6 are zero. We are left with the
first term,
δgL,R = ∓ 1
16π2
e
2sW cW
∑
i
(gL,R
H+
i
t¯b
)2m2tC0(M
2
i ,m
2
t ,m
2
t )
= δgL,RSM ±
1
16π2
e
2sW cW
∑
i 6=G+
(gL,R
H+
i
t¯b
)2
[
Ri
Ri − 1 −
Ri logRi
(Ri − 1)2
]
(4.7)
where Ri ≡ m2t/M2i . The correction in the SM due to G± exchange is denoted by δgL,RSM .
The non–SM piece of δgL (δgR) is positive (negative) definite, both of which decrease Rb.
Therefore, in order for it to be possible to increase Rb through charged Higgs boson loops,
we must have a Higgs sector that contains multiplets larger than doublets.
Second, if all the H+i are degenerate with G
+, we can sum over the complete sets
of states in the second and third terms of equation 4.6. These terms cancel and again we
are left with,
δgL =
λ2t
16π2
e
2sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
(4.8)
δgR = − λ
2
b
16π2
e
2sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
(4.9)
with R = m2t /M
2
W . This formula includes the SM correction δg
L,R
SM . As above, the non–SM
piece of δgL (δgR) is positive (negative) definite, both of which decrease Rb.
In a Higgs sector that contains only multiplets for which ρ = 1 automatically
(equation 3.4), the Goldstone boson does not contribute to the second and third terms
of equation 4.6 because there are no off–diagonal ZG+H−i couplings and the ZG
+G−
coupling is the same as in the SM. Thus in such a model, if all the H+i (excluding G
+) are
degenerate with mass M , we can again sum over the complete sets of states in the second
and third terms of equation 4.6. These terms again cancel and we are left with
δgL =
λ2t
16π2
(
1− v
2
2
v2SM
)
e
2sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
+ δgLSM (4.10)
δgR = − λ
2
b
16π2
(
1− v
2
1
v2SM
)
e
2sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
+ δgRSM (4.11)
with R = m2t/M
2, for a Type II model. The correction in a Type I model is obtained by
replacing v2 with v1 in equation 4.10. As above, the non–SM piece of δg
L (δgR) is positive
(negative) definite, both of which decrease Rb.
26
Chapter 5
Neutral Higgs corrections to Z → bb¯
The corrections to Z → bb¯ from neutral Higgs boson loops are shown in figure
5.1. As before, we assume that the Higgs sector is CP–conserving. CP–even states are
denoted by H0i and CP–odd states are denoted by A
0
j . These corrections are proportional
to λ2b because the neutral Higgs couplings to bb¯ are proportional to λb. In a Type I
model, λb ≪ λt, so the corrections from neutral Higgs loops are negligible compared to
the correction from H+, which is proportional to λ2t . In a Type II model, however, λb
increases as v1 decreases. In the limit of small v1, the corrections involving neutral Higgs
bosons are significant.
In calculating the corrections due to the diagrams in figure 5.1, we neglect terms
proportional to mb that are not enhanced by small v1. The diagrams of figure 5.1(d) are
suppressed by a factor of mb/mZ compared to diagrams 5.1(a), (b) and (c), and so we
neglect them as well. The contributions to δgR,L from diagrams 5.1(a), (b), and (c) are
δgR,L(a) = ± 1
16π2
∑
H0
i
,A0
j
4gZH0
i
A0
j
gVH0
i
bb¯g
A
A0
j
bb¯C24(m
2
b ,M
2
i ,M
2
j )
= ∓ 1
16π2
λ2b
e
sW cW
∑
H0
i
,A0
j
〈H0i |φ0,r1 〉〈A0j |φ0,i1 〉
×
N∑
k=1
〈H0i |φ0,rk 〉〈A0j |φ0,ik 〉T 3φ0
k
× 2C24(m2b ,M2i ,M2j ) (5.1)
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Figure 5.1:
Feynman diagrams for the corrections to Z → bb¯ involving neutral Higgs bosons in
the loop.
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δgR,L(b)
= − 1
16π2
gL,R
Zbb¯

∑
H0
i
(gVH0
i
bb¯)
2
{
−2C24 + 1
2
−M2Z(C22 − C23)
}
(M2i ,m
2
b ,m
2
b)
−
∑
A0
j
(gAA0
j
bb¯)
2
{
−2C24 + 1
2
−M2Z(C22 − C23)
}
(M2j ,m
2
b ,m
2
b)


= − 1
16π2
gL,R
Zbb¯
1
2
λ2b

∑
H0
i
〈H0i |φ0,r1 〉2
{
−2C24 + 1
2
−M2Z(C22 −C23)
}
(M2i ,m
2
b ,m
2
b)
+
∑
A0
j
〈A0j |φ0,i1 〉2
{
−2C24 + 1
2
−M2Z(C22 − C23)
}
(M2j ,m
2
b ,m
2
b)

 (5.2)
δgR,L(c) =
1
16π2
gR,L
Zbb¯
[
∑
H0
i
(gVH0
i
bb¯)
2B1(m
2
b ;m
2
b ,M
2
i )
−
∑
A0
j
(gAA0
j
bb¯)
2B1(m
2
b ;m
2
b ,M
2
j ) ]
=
1
16π2
gR,L
Zbb¯
1
2
λ2b

∑
H0
i
〈H0i |φ0,r1 〉2B1(m2b ;m2b ,M2i )
+
∑
A0
j
〈A0j |φ0,i1 〉2B1(m2b ;m2b ,M2j )

 (5.3)
The two– and three–point integrals are specified in appendix F. As in section 4, we drop
the first three arguments, (m2b ,M
2
Z ,m
2
b), of the three–point integrals for compactness. Note
that gZH0
i
A0
j
and gA
A0
j
bb
are imaginary, while gV
H0
i
bb
is real. The sum A0j runs over all the
CP–odd neutral Higgs bosons, including G0. However, the corrections involving G0 can
be neglected because the G0 coupling to bb¯ is not enhanced by large λb. In particular,
gA
G0bb¯
= −mb/vSM , independent of the value of v1.
As in section 4, we can use electromagnetic gauge invariance to check our calcu-
lations. Electromagnetic gauge invariance requires that terms proportional to s2W sum to
zero in the limit MZ → 0. δgR,L(a) is independent of s2W . In the limit MZ → 0, we find
that δgR,L(b)+ δgR,L(c) = 0, independent of the Higgs masses. The terms proportional to
s2W indeed vanish in this limit. Although this is a useful formal check, the approximation
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MZ → 0 cannot be applied to the general formulas in equations 5.1 – 5.3 because terms
proportional to M2Z are important here.
We now examine the special case in which all the H0i are degenerate with mass
MH , and all the A
0
j are degenerate with mass MA. We neglect G
0, so that MA does not
have to be equal to MZ , which is the G
0 mass in the ’t Hooft–Feynman gauge. In this
case, we can sum over complete sets of states and equations 5.1 – 5.3 simplify to,
δgR,L(a) = ± 1
16π2
λ2b
(
e
sW cW
)
C24(m
2
b ,M
2
H ,M
2
A) (5.4)
δgR,L(b) = − 1
16π2
gL,R
Zbb¯
1
2
λ2b ×[{
−2C24 + 1
2
−M2Z(C22 −C23)
}
(M2H ,m
2
b ,m
2
b)
+
{
−2C24 + 1
2
−M2Z(C22 −C23)
}
(M2A,m
2
b ,m
2
b)
]
(5.5)
δgR,L(c) =
1
16π2
gR,L
Zbb¯
1
2
λ2b
[
B1(m
2
b ;m
2
b ,M
2
H) +B1(m
2
b ;m
2
b ,M
2
A)
]
. (5.6)
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Chapter 6
Corrections to Z → bb¯ in specific models
In this chapter we calculate the radiative corrections to Z → bb¯ in specific ex-
tended Higgs models. We discuss the form of the corrections in each model. We also show
the constraints on the parameter space of each model due to the experimental data.
In section 6.1 we calculate the corrections in models containing only Higgs dou-
blets and/or singlets. We examine the contributions due to both charged Higgs boson and
neutral Higgs boson exchange. We discuss the two Higgs doublet model in detail, and
describe the effects of adding additional Higgs doublets and singlets. In section 6.2 we
calculate the corrections in a number of models containing one or more Higgs multiplets
larger than doublets. We discuss two classes of models which take two different approaches
to satisfy the experimental constraint on the ρ parameter, ρ ≈ 1. We first discuss models
which are fine–tuned so that the multiplet larger than a doublet has a very small vev.
Finally we discuss the models that preserve SU(2)c symmetry.
We find that the corrections to Rb are large enough that the measurement of Rb
can be used to constrain the parameter space of specific models. However, the corrections
to Ab are small compared to the uncertainty in the measurement of Ab, and thus cannot
be used to further constrain the models.
6.1 Models with Higgs doublets and singlets
6.1.1 Charged Higgs boson contributions
We saw in section 4 that, in a model containing only Higgs doublets and singlets,
the radiative corrections due to the charged Higgs bosons are described by equation 4.7.
We also saw that these corrections have definite signs; in particular, δgL > 0 and δgR < 0.
31
6.1 Models with Higgs doublets and singlets
Both of these give ∆Rb < 0, in worse agreement with experiment than the SM.
In this section, we calculate the corrections due to charged Higgs bosons in specific
models containing Higgs doublets or singlets or both. We can then use the measurement
of Rb to constrain the models. Note that the corrections due to neutral Higgs boson
exchange will also contribute when λb is enhanced. They must be taken into account as
well in this regime when deriving constraints from the Rb measurement. We first consider
the corrections in the two Higgs doublet model (2HDM), then extend the results to multi–
doublet models and models with doublets and singlets.
Two Higgs doublet model
The 2HDM contains a single charged Higgs boson, H+. Its contribution to δgL,R
is found from equation 4.7 with only one H+ in the sum. For the Type II model,
δgL =
1
16π2
(
gmt√
2MW
cot β
)2 1
2
e
sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
, (6.1)
δgR = − 1
16π2
(
gmb√
2MW
tan β
)2 1
2
e
sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
, (6.2)
were R = m2t/M
2
H+ . This correction is in addition to the correction due to Goldstone
boson exchange, which is the same as in the SM. This agrees with the results of references
[27,28,29,21,26]. In the Type II model, δgL is significant at small tan β and is suppressed
at large tan β, while δgR is negligible at small tan β but is significant at large tan β.
In a Type I model the result is the same except that cot2 β is replaced with tan2 β
in δgL. In this case, δgR is negligible compared to δgL at any value of tan β. Both δgL
and δgR grow with increasing tan β.
This correction decreases for large MH+ . It goes to zero in the decoupling limit,
MH+ →∞. (For a discussion of the decoupling limit, see reference [50].)
For small tan β, the neutral Higgs couplings to b quarks are small, and contribu-
tions to Z → bb¯ due to neutral Higgs boson exchange can be neglected. In this regime the
corrections due to charged Higgs boson exchange can be used to constrain the 2HDM. In
figure 6.1 we plot the constraints from Rb on MH+ as a function of tan β, for a Type II
2HDM. The input parameters for the calculation are summarized in appendix H. We also
show the constraints on the charged Higgs mass from the process b → sγ [51,52] and the
direct searches at LEP (for references and a discussion, see appendix I). The constraint on
the charged Higgs mass from the D0 experiment [53] are significantly weaker than the con-
straint from b→ sγ, and are not shown in figure 6.1. Rb provides the strongest constraint
on MH+ for tan β < 1.5. For larger tan β, the constraint from b→ sγ is stronger.
Radiative corrections to the branching ratio BR(B¯ → Xsγ) involving charged
Higgs boson exchange in 2HDMs have been calculated in reference [52]. By comparing
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BR(B¯ → Xsγ) to the value measured at CLEO [51], reference [52] finds a constraint on
the charged Higgs boson mass in the Type II 2HDM, as shown in figure 6.1. In the Type
I 2HDM, however, the predicted range of BR(B¯ → Xsγ) falls within the experimental
limits. Thus in a Type I 2HDM, there is no constraint on the charged Higgs boson mass
from b→ sγ.
For large tan β, neutral Higgs boson exchange contributes to Z → bb¯ in addition
to charged Higgs boson exchange. The neutral Higgs boson contributions are discussed in
section 6.1.2.
We stress that the bounds in figure 6.1 are valid when the only non–SM correc-
tions to Z → bb¯ are due to H+ exchange. They cannot be applied to models that contain
additional particles which contribute to the corrections. In particular, supersymmetric
models give rise to additional corrections to Z → bb¯ from squark and Higgsino exchange.
However, in the limit that the supersymmetric particles are very heavy, their contributions
to radiative corrections go to zero, and the bounds in figure 6.1 remain valid.
In the case of a Type I 2HDM, the bound on MH+ from Rb is the same as in
figure 6.1, but with cot β replacing tan β on the vertical axis.
Multiple–doublet models and models with singlets
We now consider charged Higgs boson exchange in a model containing multiple
Higgs doublets, denoted Φk, with hypercharge 1. We can add to this model any number
of Higgs singlets with zero hypercharge. These contain only neutral degrees of freedom,
and so they have no effect on the charged Higgs sector.
In a Type I model of this type, we let Φ1 couple to both up– and down–type
quarks, and none of the other doublets couple to quarks. In a Type II model, we let Φ1
couple only to down–type quarks, and Φ2 couple to up–type quarks. Then the Yukawa
couplings are defined in the same way as in the 2HDM, in equations 3.11–3.14.
In a Type II model, the contributions to Z → bb¯ from charged Higgs boson
exchange are
δgL =
1
16π2
1
2
e
sW cW
(
gmt√
2MW
vSM
v2
)2 ∑
i 6=G+
〈H+i |φ+2 〉2
[
Ri
Ri − 1 −
Ri logRi
(Ri − 1)2
]
(6.3)
δgR = − 1
16π2
1
2
e
sW cW
(
gmb√
2MW
vSM
v1
)2 ∑
i 6=G+
〈H+i |φ+1 〉2
[
Ri
Ri − 1 −
Ri logRi
(Ri − 1)2
]
(6.4)
where Ri ≡ m2t/M2H+
i
. This contribution is in addition to the contribution due to charged
Goldstone boson exchange, which is the same as in the SM. In a Type I model, the
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Figure 6.1:
Constraints from Rb on the charged Higgs mass and tanβ in the Type II 2HDM. The
area below the solid line is excluded at 95% confidence level. Also shown are the 99%
and 99.9% confidence levels (dashed lines). We also show the 95% confidence level
lower bound on MH+ from the b→ sγ branching ratio as measured by CLEO [51,52]
(dot-dashed). The vertical dotted line is the direct search bound on the charged
Higgs mass from the OPAL collaboration, MH+ > 68.7 GeV [54], from LEP data up
to
√
s = 189 GeV. (For a discussion of the direct search bound, see appendix I.) A
large area below tanβ ≈ 1.5 is excluded by Rb.
34
Corrections to Z → bb¯ in specific models
contribution is the same except that v2 is replaced with v1 and φ
+
2 is replaced with φ
+
1 in
the formula for δgL.
These corrections to δgL,R from charged Higgs boson exchange have the same
dependence on the charged Higgs masses as the corrections in the 2HDM. The contribution
from each H+i is weighted by the overlap of each H
+
i with the electroweak eigenstate that
couples to the quarks involved.
Note that the Yukawa couplings depend on the ratios vSM/v2 and vSM/v1. This is
the same dependence as in the 2HDM. Recall that in the 2HDM, v1 and v2 were constrained
by the W mass to satisfy the relation, v21 + v
2
2 = v
2
SM , where vSM = 246 GeV. Thus in the
2HDM, v1 and v2 cannot both be small at the same time. However, in a model with more
than two doublets, the W mass constraint involves the vevs of all the doublets, giving∑
k v
2
k = v
2
SM , where k runs over all the Higgs doublets. In this model, both v1 and v2 can
be small at the same time, leading to singificant contributions to both δgL and δgR.
The corrections to Z → bb¯ in this model can be understood by examining their
behavior in certain limits. First, let us examine the limit in which all but one of the H+i
are very heavy. The contributions of the heavy H+i to δg
L,R go to zero as the masses go to
infinity. The remaining contribution to δgL,R is due to the single light charged Higgs boson,
and it is of the same form as in the 2HDM. Comparing with equations 6.1–6.2, we see that
in δgL, tan β is replaced by v2
vSM 〈H+i |φ+2 〉
, and in δgR, tan β is replaced by
vSM 〈H+i |φ+1 〉
v1
. The
charged Higgs sector can be constrained by Rb when there are no significant contributions
to Z → bb¯ coming from neutral Higgs boson exchange. This is ensured when v1 is not too
small. In this regime, δgL can be significant, while δgR is negligible. The constraint from
Rb on the mass of the remaining light charged Higgs boson is the same as in figure 6.1,
with tan β replaced by v2
vSM 〈H+i |φ+2 〉
.
If v2 and 〈H+i |φ+2 〉 are held constant while the masses of the heavy charged Higgs
bosons are reduced, the bound shown in figure 6.1 becomes stronger. This happens because
the heavy charged Higgs bosons begin to contribute to δgL, forcing the contribution of the
light charged Higgs boson to be smaller in order to be consistent with the measured value
of Rb. This is done by raising the mass of the light charged Higgs boson.
Finally, if all the charged Higgs bosons are degenerate, with a common massMH ,
then we can sum over a complete set of states and the corrections simplify to the following,
again for a Type II model:
δgL =
1
16π2
1
2
e
sW cW
(
gmt√
2MW
)2 v2SM − v22
v22
[
R
R− 1 −
R logR
(R− 1)2
]
(6.5)
δgR =
1
16π2
1
2
e
sW cW
(
gmb√
2MW
)2 v2SM − v21
v21
[
R
R− 1 −
R logR
(R− 1)2
]
, (6.6)
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where R = m2t/M
2
H . These corrections are in addition to the corrections due to charged
Goldstone boson exchange in the SM. In a Type I model, v2 is replaced by v1 in δg
L.
These corrections are the same as the corrections in the 2HDM, with tan β re-
placed by v2/
√
v2SM − v22 in δgL, and tan β replaced by
√
v2SM − v21/v1 in δgR. As before,
the charged Higgs sector can be constrained by Rb when there are no significant contribu-
tions to Z → bb¯ coming from neutral Higgs boson exchange. This is ensured when v1 is
not too small. In this regime, the constraint from Rb on the common charged Higgs mass
MH is the same as in figure 6.1, with tan β replaced by v2/
√
v2SM − v22 .
6.1.2 Neutral Higgs boson contributions
As we showed in section 5, the radiative corrections to the process Z → bb¯ due
to neutral Higgs boson exchange are proportional to λ2b . They are negligible compared to
the contributions from charged Higgs boson exchange which are proportional to λ2t , except
when λb is enhanced relative to λt. This happens in a Type II model when v1 is much
smaller than v2. In what follows we consider only Type II models.
In this section, we calculate the corrections due to neutral Higgs boson exchange
in specific models containing Higgs doublets and/or singlets. We can then use the mea-
surement of Rb to constrain the models. Note that when λb in enhanced, the corrections to
δgR due to charged Higgs boson exchange will also contribute. We take these into account
when deriving constraints from the Rb measurement.
We first consider the corrections in the two Higgs doublet model (2HDM). We
also examine the corrections in the 2HDM in the decoupling limit, in which h0 remains
light and its couplings to SM particles approach those of the SM Higgs boson, while all
the other Higgs bosons become heavy and decouple from SM particles. We then extend
the results to multi–doublet models and models with doublets and singlets. Finally we
examine the multi–doublet model when some of the neutral Higgs bosons are degenerate.
Two Higgs doublet model
The corrections due to neutral Higgs boson exchange in the 2HDM depend on
the masses of the three neutral Higgs bosons, h0, H0, and A0, the mixing angle α of the
two CP–even states h0 and H0, and of course tan β, which determines λb and the mixing
between A0 and G0.
The neutral Higgs couplings in the 2HDM are given in appendix C. Inserting
these couplings into equations 5.1–5.3 for the corrections from neutral Higgs boson ex-
change, we find,
δgR,L(a) = ± 1
16π2
e
sW cW
(
gmb√
2MW
)2
tan2 β
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×
[
sα
sβ
cos(β − α)C24(m2b ,M2h0 ,M2A0)
+
cα
sβ
sin(β − α)C24(m2b ,M2H0 ,M2A0)
]
(6.7)
δgR,L(b) = − 1
16π2
gL,R
Zbb¯
1
2
(
gmb√
2MW
)2
tan2 β
×

(sα
sβ
)2 [
−2C24 + 1
2
−M2Z(C22 − C23)
]
(M2h0 ,m
2
b ,m
2
b)
+
(
cα
sβ
)2 [
−2C24 + 1
2
−M2Z(C22 − C23)
]
(M2H0 ,m
2
b ,m
2
b)
+
[
−2C24 + 1
2
−M2Z(C22 − C23)
]
(M2A0 ,m
2
b ,m
2
b)
]
(6.8)
δgR,L(c) =
1
16π2
gR,L
Zbb¯
1
2
(
gmb√
2MW
)2
tan2 β


(
sα
sβ
)2
B1(m
2
b ;m
2
b ,M
2
h0)
+
(
cα
sβ
)2
B1(m
2
b ;m
2
b ,M
2
H0) +B1(m
2
b ;m
2
b ,M
2
A0)

 , (6.9)
where sα = sinα, cα = cosα, sβ = sinβ, and cβ = cos β.
The contribution of these corrections to Rb can be either positive or negative,
depending on the neutral Higgs masses and the mixing angle α. We plot the corrections
for various sets of parameters.
In figures 6.2 and 6.3, we plot the constraints on the neutral Higgs sector from
Rb. The parameters in these plots are tan β = 50, cos
2(β − α) = 1/2, and MH0 = 200
GeV. With cos2(β − α) = 1/2, the Zh0A0 and ZH0A0 couplings are equal, and h0, H0,
and A0 all contribute to the corrections. The charged Higgs boson can also contribute.
If the charged Higgs boson were taken to be very heavy, its contribution to Rb would go
to zero and only the effects of the neutral Higgs bosons would remain. However, a large
mass splitting between the charged Higgs boson and the neutral Higgs bosons results in
large radiative corrections to the ρ parameter (see, e.g., reference [55] and appendix C).
Using the formula for ∆ρnew from neutral Higgs exchange in the 2HDM given in appendix
C, and requiring that −4.7 × 10−3 < ∆ρnew < 3.0 × 10−3 (see section 6.2.1 for further
details), we find that for the parameters of figures 6.2 and 6.3, the charged Higgs boson
must be lighter than 270 GeV. The lower bound on the charged Higgs mass at large tan β
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Figure 6.2:
Rb in the Type II 2HDM with tanβ = 50, cos
2(β − α) = 1/2, MH0 = 200 GeV, and
MH+ = 270 GeV. The axes are MA0 and Mh0 . ∆Rb < 0 for all allowed masses, so
this model is in worse agreement with experiment than the SM. The solid line is the
95% confidence level lower bound on MA0 from Rb. We also plot the 99% and 99.9%
confidence level contours (dashed lines). The dot-dashed line is the lower bound on
Mh0 from direct searches, as discussed in appendix I.
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Figure 6.3:
Rb in the 2HDM with MH+ = 165 GeV (the lower limit from b→ sγ [52]), and other
parameters the same as in figure 6.2. Since ∆Rb < 0 from H
+, the 95% confidence
level exclusion curve from Rb (solid line) moves upward compared to MH+ → ∞.
Also shown are the 99% and 99.9% confidence levels (dashed lines). The dot-dashed
line is the lower bound on Mh0 from direct searches as in figure 6.2.
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is MH+ > 165 GeV, from b → sγ [51,52]. In figure 6.2 we take MH+ = 270 GeV, and in
figure 6.3 we take MH+ = 165 GeV, in order to show the full allowed range of charged
Higgs boson contributions. For large tan β, the charged Higgs boson contributions to δgL
are negligible. The charged Higgs boson contributions to δgR are negative, which reduces
Rb.
For these parameters, the range of masses of h0 and A0 in which ∆Rb > 0
is already excluded by direct searches. For all remaining allowed h0 and A0 masses,
∆Rb < 0, in worse agreement with experiment than the SM. Since the corrections from
both the charged and neutral Higgs bosons are proportional to tan2 β, we can vary tan β
within the large tan β regime and ∆Rb will still be negative. Since the corrections grow
with tan2 β, the region ruled out by Rb gets larger as tan β increases.
The correction to Ab is very small compared to the experimental uncertainty in
the Ab measurement. For these parameters, |∆Ab| < 0.003. Also, ∆Ab > 0 in the regions
allowed by the direct search bounds, in worse agreement with experiment than the SM. For
MH+ = 270 GeV, we find that 0.936 < Ab < 0.937 in the allowed region. For MH+ = 165
GeV, we find that 0.937 < Ab < 0.938 in the allowed region.
For cos2(β − α) = 1/2, the lower bound on Mh0 from direct searches is 87 GeV
for arbitrary MA0 , as discussed in appendix I. Combining the direct search bound and the
constraint from Rb, we find that for these parameters with MH+ = 270 GeV, the lower
bound on the A0 mass is MA0 > 37 GeV (shown in figure 6.2). For an h
0 mass of 200 GeV
or greater, MA0 > 64 GeV. Similarly, if MH+ = 165 GeV, we find that the lower bound
on the A0 mass increases to 40 GeV, as shown in figure 6.3. In this case, for an h0 mass
of 200 GeV or greater, MA0 > 71 GeV.
In figures 6.4 and 6.5, we again plot the constraints on the neutral Higgs sector
from Rb. This time, the parameters in these plots are tan β = 50 and cos(β − α) = 1.
For cos(β − α) = 1, the ZH0A0 coupling is zero and the H0bb¯ coupling is not enhanced
over the SM H0bb¯ coupling, so the contribution of H0 to the corrections is negligible. As
before, the charged Higgs mass is constrained by the ρ parameter. For the parameters of
figures 6.4 and 6.5, we find that the charged Higgs boson must be lighter than 250 GeV.
In figure 6.4 we take MH+ = 250 GeV, and in figure 6.5 we take MH+ = 165 GeV, which
is the lower bound from b→ sγ [51,52].
For these parameters with MH+ = 250 GeV, there is a very small allowed range
of h0 and A0 masses in which ∆Rb > 0, in better agreement with experiment than the SM.
This range is on the verge of being ruled out experimentally. This is shown in figure 6.4.
For MH+ = 165 GeV, the corrections from charged Higgs boson exchange give a negative
contribution to Rb. The region where ∆Rb > 0 becomes smaller, and is excluded by the
direct search limits.
If we combine the constraint from Rb with the direct search bounds, we find
absolute lower limits on the h0 and A0 masses for cos(β − α) = 1. For MH+ = 250 GeV,
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Figure 6.4:
Rb in the Type II 2HDM with tanβ = 50, cos(β−α) = 1, and MH+ = 250 GeV. The
axes are MA0 and Mh0 . The solid lines are the 95% confidence level lower bounds on
MA0 and Mh0 from Rb. The dashed lines labelled “99%” and “99.9%” are the 99%
and 99.9% confidence level bounds from Rb. The dashed line labelled “SM” is where
Rb is the same as in the SM. The region below this line, in which ∆Rb > 0, is almost
entirely excluded by direct searches. The dot–dashed line is the bound from direct
searches, described in appendix I.
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Figure 6.5:
Rb in the 2HDM with MH+ = 165 GeV (the lower limit from b → sγ [52]) and
other parameters the same as in figure 6.4. Since ∆Rb < 0 from H
+, a larger area is
excluded by Rb at 95% confidence level (solid lines), and the region in which ∆Rb > 0
is now entirely excluded by direct searches. Also shown are the 99% and 99.9%
confidence level contours (dashed). The dot–dashed line is the bound from direct
searches as in figure 6.4.
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both h0 and A0 must be heavier than 28 GeV. Similarly, for MH+ = 165 GeV, both h
0
and A0 must be heavier than 30 GeV. The direct search bounds are discussed in appendix
I. The corrections to Rb are negative for large splittings between Mh0 and MA0 . Thus
areas of low Mh0 and high MA0 , and of low MA0 and high Mh0 , are ruled out by the Rb
measurement.
Since both the charged and neutral Higgs boson corrections at large tan β are
proportional to tan2 β, varying tan β will not change the combinations of Mh0 and MA0
for which ∆Rb = 0. Thus the line where Rb is equal to its SM value stays the same as
we vary tan β, as long as we remain in the large tan β regime. Since the corrections grow
with tan β, the regions ruled out by Rb in figures 6.4 and 6.5 get larger as tan β increases.
For cos(β − α) = 1, the correction to Ab is again very small compared to the
experimental uncertainty in the Ab measurement. For these parameters, |∆Ab| < 0.004.
For MH+ = 250 GeV, 0.935 < Ab < 0.937 in the allowed region. For MH+ = 165 GeV,
0.936 < Ab < 0.938 in the allowed region. This is in slightly worse agreement with
experiment than the SM.
In the decoupling limit, cos(β − α) → 0, as discussed in reference [50]. Thus
the case cos(β − α) = 1 is the opposite of the decoupling limit, and the Higgs sector may
develop large, nonperturbative scalar quartic couplings as we try to take the charged Higgs
mass large. However, we can take cos(β−α) = 0 while interchanging h0 and H0 in figures
6.4 and 6.5, and the results for Rb and Ab will remain the same. This is shown in figure
6.6. In the limit cos(β − α) = 0, the couplings of h0 go to their SM values. Therefore,
the mass of h0 is constrained by the SM bound, Mh0 > 95.2 GeV [56]. This is the bound
on the SM Higgs mass from LEP running at
√
s = 189 GeV. H0 is, by definition, the
heavier CP–even neutral Higgs boson, so MH0 > Mh0 > 95.2 GeV. The mass of H
0 is
also constrained by the search for H0A0 production, as discussed in appendix I. When
cos(β−α) = 0, the Zh0A0 coupling is zero and the h0bb¯ coupling is not enhanced over the
SM coupling, so h0 does not contribute significantly to the corrections. We will neglect it.
As discussed before, a large mass splitting between the charged Higgs boson and
the neutral Higgs bosons results in large radiative corrections to the ρ parameter. For this
reason, we set MH+ = MA0 in figure 6.6, for MA0 > 165 GeV. For MA0 < 165 GeV, we
set MH+ = 165 GeV, which is the lower bound on the charged Higgs mass from b → sγ
[51,52].
For cos(β−α) = 0, the Rb measurement rules out areas where the mass splitting
between H0 and A0 is large. For example, if the H0 (A0) mass is 1000 GeV, then A0 (H0)
must be heavier than about 300 GeV.
Two Higgs doublet model in the decoupling limit
In the decoupling limit of the 2HDM, h0 remains light and its couplings to the SM
particles approach those of the SM Higgs boson, while all the other Higgs bosons become
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Figure 6.6:
Rb in the 2HDM with tanβ = 50 and cos(β−α) = 0. The axes areMH0 andMA0 . For
MA0 > 165 GeV, the charged Higgs mass is set equal to MA0 , while for MA0 < 165
GeV, the charged Higgs mass is set equal to 165 GeV. The solid lines are the 95%
confidence level lower bounds on MA0 and MH0 from Rb. The dashed lines labelled
“99%” and “99.9%” are the 99% and 99.9% confidence level bounds from Rb. The
dot–dashed line is the bound from direct searches, described in appendix I.
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heavy and decouple from the SM particles. This limit is discussed in reference [50]. In
particular, in the decoupling limit,
Mh0 ∼ O(MZ), (6.10)
MH0 ≃ MA0 , (6.11)
|M2H0 −M2A0 | ∼ O(M2Z), (6.12)
cos(β − α) ∼ O
(
M2Z
M2A0
)
, (6.13)
where MA0 ≫ MZ . We can expand the corrections to Z → bb¯ from neutral Higgs boson
exchange in the 2HDM in this limit. We use the expansions of the three–point integrals
given in appendix F. To leading order in M2Z/M
2
A0 ,
δgL ≃ 1
16π2
(
e
sW cW
)(
gmb√
2MW
)2
tan2 β × M
2
Z
M2A0
×
[
− 1
36
+
1
9
s2W
(
1
3
+ log
(
M2A0
M2Z
)
+ iπ
)]
(6.14)
δgR ≃ 1
16π2
(
e
sW cW
)(
gmb√
2MW
)2
tan2 β × M
2
Z
M2A0
×
[
− 1
36
− 1
6
(
log
(
M2A0
M2Z
)
+ iπ
)
+
1
9
s2W
(
1
3
+ log
(
M2A0
M2Z
)
+ iπ
)]
. (6.15)
For tan β = 50 and MA0 = 200 GeV, these corrections give ∆Rb = −0.00037, which is
half the size of the experimental error on the Rb measurement. As MA0 increases, the
correction decreases; for MA0 = 500 GeV, ∆Rb = −0.00015.
This limit is approached in figure 6.6 when MH0 and MA0 are large and similar
in size.
Multiple–doublet models
We now consider neutral Higgs boson exchange in a model containing multiple
Higgs doublets, denoted Φk, with hypercharge Y = 1.
In a Type I model of this type, we let Φ1 couple to both up– and down–type
quarks, and none of the other doublets couple to quarks. In a Type II model, we let Φ1
couple only to down–type quarks, and Φ2 couple to up–type quarks. Then the Yukawa
couplings are defined in the same way as in the 2HDM, in equations 3.11–3.14. As always,
the contributions to Z → bb¯ from neutral Higgs boson exchange are only significant in a
Type II model, when λb is enhanced by small v1. We will only consider Type II multi–
doublet models with small v1.
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The contributions from neutral Higgs boson exchange in the multi–doublet model
are more complicated than in the 2HDM, simply because there are more neutral Higgs
states. Only the states which have a nonzero overlap with Φ1 can couple to b quarks, so
only these states contribute. The corrections depend on the overlap of each neutral state
with Φ1 and the mass of each state. As in the 2HDM, the region of parameter space in
which the correction to Rb is positive is almost entirely ruled out by direct searches.
Multiple–doublet models with Higgs singlets
We can also consider adding a number of Higgs singlets, with hypercharge zero,
to the multi–doublet model. The singlets do not couple to Z or to quarks. Their vevs
are also unconstrained by the W mass. In general, the singlets will mix with the neutral
components of the doublets to form mass eigenstates. The couplings of the physical states
to bb¯ still depend only on v1, which fixes λb, and on the overlap of each state with Φ1.
The couplings of physical states to Z are no longer the same as in a model containing only
doublets. Instead, they are equal to the Z coupling for doublet states weighted by the
overlap of each state with doublets. Explicitly,
gZH0
i
A0
j
=
−i
2
e
sW cW
∑
k
〈H0i |φ0,rk 〉〈A0j |φ0,ik 〉, (6.16)
where k runs only over the Higgs doublets.
In order to understand the effects of singlets on the corrections to Z → bb¯, let us
imagine replacing each Higgs singlet with the neutral component of a doublet, with the
appropriate CP quantum number, while holding the masses and mixings of the physical
states constant. Then, the couplings of each state to bb¯ remain the same. However, the
couplings of the states to Z are now equal to,
gZH0
i
A0
j
=
−i
2
e
sW cW
, (6.17)
which is the coupling in a model containing only Higgs doublets. Comparing this to
equation 6.16, we see that δgR,L(a) in the model with singlets must be smaller in magnitude
than in the model in which the singlets are replaced by doublets.
Degenerate neutral Higgs bosons in a general extended Higgs sector
The corrections to Z → bb¯ due to neutral Higgs boson exchange in a general
model are quite complicated. They depend on the couplings and masses of all the neutral
Higgs bosons in the model. However, the corrections can be simplified if some of the
neutral Higgs bosons are degenerate in mass. We describe these simplifications in this
section.
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In this section we consider a general extended Higgs sector, which can contain
Higgs singlets, doublets, and larger multiplets. We require that the model be Type II,
and that λb be enhanced relative to λt. A Type II model must contain at least two Higgs
doublets, Φ1 and Φ2, to couple to down– and up–type quarks, respectively.
Only the neutral Higgs bosons with large couplings to bb¯ give significant contri-
butions to the corrections. In what follows we will only consider these. States without
enhanced bb¯ couplings, such as G0, do not contribute significantly. We will ignore them,
and therefore it does not matter what their masses are.
If all the CP–even neutral Higgs bosons are degenerate with mass MH , and all
the CP–odd neutral Higgs bosons are degenerate with mass MA, then we can take the
two– and three–point integrals outside of the sums in equations 5.1–5.3. Then we can sum
the couplings over complete sets of states. Using the couplings in a general model from
equations 3.22, 3.23, and 3.26, we find
∑
H0
i
,A0
j
gZH0
i
A0
j
gVH0
i
bb¯g
A
A0
j
bb¯ =
1
2
e
sW cW
(
gmb√
2MW
)2 (vSM
v1
)2
(6.18)
∑
H0
i
(gVH0
i
bb¯)
2 = −
∑
A0
j
(gAA0
j
bb¯)
2 =
(
gmb√
2MW
)2 (vSM
v1
)2
. (6.19)
These sums over the couplings are related to certain couplings in the 2HDM, as follows.
On the left–hand side are the couplings in the general model with degenerate neutral Higgs
bosons, and on the right–hand side are the couplings in the 2HDM with cos(β − α) = 1.∑
H0
i
,A0
j
gZH0
i
A0
j
gVH0
i
bb¯g
A
A0
j
bb¯ = gZh0A0g
V
h0bb¯g
A
A0bb¯ (6.20)
∑
H0
i
(gVH0
i
bb¯)
2 = (gVh0bb¯)
2 (6.21)
−
∑
A0
j
(gAA0
j
bb¯)
2 = −(gAA0bb¯)2. (6.22)
Therefore, when all the CP–even neutral Higgs bosons are degenerate with mass
MH , and all the CP–odd neutral Higgs bosons are degenerate with mass MA, the contri-
butions to Z → bb¯ are the same as the contributions from the 2HDM with Mh0 = MH ,
MA0 = MA, and cos(β − α) = 1. The parameter corresponding to tan β in the extended
model is, √
v2SM − v21
v21
= tan β. (6.23)
If there are no contributions from the charged Higgs bosons, the corrections to Rb and Ab
in this situation are the same as those for the 2HDM shown in figure 6.4, for tan β = 50.
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Similarly, the corrections can be simplified if only the CP–even states, or only
the CP–odd states, are degenerate. If the CP–even states are degenerate, we can sum over
the H0i couplings. We then get the same result as if the CP–even neutral Higgs sector
consisted of a single state H0, which consists entirely of φ0,r1 . Recall that φ
0,r
1 is the CP–
even neutral component of the doublet which couples to down–type quarks. If, instead,
the CP–odd states are degenerate, we can sum over the A0j couplings. We get the same
result as if the CP–odd neutral Higgs sector consisted of a single state A0, which consists
entirely of φ0,i1 (up to the small mixing of φ
0,i
1 with G
0, which is negligible in the small v1
regime).
6.2 Models with Higgs multiplets larger than doublets
We now consider Higgs sectors which contain one or more multiplets larger than
doublets. We consider two types of models which use two different approaches to satisfy
ρ ≈ 1. We first consider models in which the vevs of the multiplets larger than doublets
are fine–tuned to be very small, so that their contribution to the ρ parameter is negligible.
Second, we consider models which preserve SU(2)c symmetry, ensuring that ρ = 1 at tree
level.
In section 6.2.1 we examine a model containing one Higgs doublet and one triplet,
and in section 6.2.2 we examine a model containing two Higgs doublets and one triplet.
In both of these models, the vev of the Higgs triplet must be very small in order to be
consistent with the measured value of the ρ parameter. The model with two doublets and
one triplet is also discussed further in appendix D.
In section 6.2.3 we examine the model with Higgs triplets and SU(2)c symmetry
introduced by Georgi and Machacek [42]. The SU(2)c symmetry ensures that ρ = 1 at
tree level in this model, as explained in detail in appendix E. We then extend the results
to a class of generalized Georgi–Machacek models which preserve SU(2)c symmetry.
6.2.1 Models with one Higgs doublet and one triplet
In this section we describe the minimal extension of the Higgs sector to include
multiplets larger than doublets. The Higgs sector consists of the complex, Y = 1 doublet
of the SM, denoted by Φ, plus a triplet field. The vev of the triplet field must be fine–tuned
very small in order to be consistent with the measured value of the ρ parameter, ρ ≈ 1.
The triplet field can either be a real triplet with Y = 0, or a complex triplet with Y = 2.
Here we investigate both possibilites.
These two models contain only one Higgs doublet, which couples to both up– and
down–type quarks, so they are necessarily Type I models. Thus λb ≪ λt, and the only
non–negligible contributions to Z → bb¯ come from the contributions to δgL from charged
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Higgs boson exchange.
We first consider the “Y = 0 model” with one doublet and one real triplet field
with Y = 0. The triplet field is ξ = (ξ+, ξ0, ξ−). We define the doublet and triplet vevs
by 〈φ0〉 = vφ/
√
2 and 〈ξ0〉 = vξ. The vevs are constrained by the W mass to satisfy,
v2SM = v
2
φ + 4v
2
ξ , (6.24)
where vSM = 246 GeV. It is convenient to parameterize the ratio of the vevs by,
tan θ0 =
vφ
2vξ
. (6.25)
In this model, the tree–level ρ parameter is,
ρ =
v2φ + 4v
2
ξ
v2φ
= 1 +
4v2ξ
v2φ
≡ 1 +∆ρ. (6.26)
In terms of tan θ0, we find
∆ρ =
1
tan2 θ0
. (6.27)
We see that in order to have ρ ≈ 1, the triplet vev must be very small, giving large tan θ0.
The charged states mix to form the charged Goldstone boson and a single charged physical
state,
G+ = sin θ0φ
+ + cos θ0ξ
+ (6.28)
H+ = cos θ0φ
+ − sin θ0ξ+. (6.29)
We next consider the “Y = 2 model” with one doublet and one complex triplet
field with Y = 2. The triplet field is χ = (χ++, χ+, χ0). We define the vev of this triplet
field by 〈χ0〉 = vχ/
√
2. The vevs are constrained by the W mass to satisfy,
v2SM = v
2
φ + 2v
2
χ. (6.30)
It is convenient to parameterize the ratio of the doublet and triplet vevs by,
tan θ2 =
vφ√
2vχ
. (6.31)
In this model, the tree–level ρ parameter is,
ρ =
v2φ + 2v
2
χ
v2φ + 4v
2
χ
= 1− 2v
2
χ
v2φ + 4v
2
χ
≡ 1 + ∆ρ. (6.32)
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In terms of tan θ2, we find
∆ρ = − 1
tan2 θ2 + 2
. (6.33)
We see that in order to have ρ ≈ 1, the triplet vev must be very small, giving large tan θ2.
The charged states mix to form the charged Goldstone boson and a single charged physical
state,
G+ = sin θ2φ
+ + cos θ2ξ
+ (6.34)
H+ = cos θ2φ
+ − sin θ2ξ+. (6.35)
The Higgs couplings to quarks and the Z boson can be parameterized as follows.
We let θ denote θ0 in the Y = 0 model and θ2 in the Y = 2 model. We also define a factor
ǫ such that ǫ = +1 in the Y = 0 model and ǫ = −1 in the Y = 2 model. The charged
Higgs couplings to quarks are,
gLG+ t¯b =
gmt√
2MW
(6.36)
gLH+ t¯b =
gmt√
2MW
cot θ. (6.37)
The ZH+i H
−
j couplings are,
gZG+G− = −
e
sW cW
(
1
2
− s2W +
ǫ
2
cos2 θ2
)
(6.38)
gZG+H− =
e
sW cW
ǫ
2
sin θ2 cos θ2 (6.39)
gZH+H− = −
e
sW cW
(
1
2
− s2W +
ǫ
2
sin2 θ2
)
. (6.40)
The ZH+i H
−
j couplings are different in the two models because the hypercharge of the
triplet is different.
Contributions to Z → bb¯
In both the Y = 0 and the Y = 2 models, there is an off–diagonal ZG+H−
coupling, and the diagonal ZH+H− and ZG+G− couplings differ from their values in
models containing only Higgs doublets and singlets. These couplings contribute to the
second and third terms of δgL in equation 4.6.
The resulting contribution to δgL is,
δgL =
1
16π2
(
gmt√
2MW
)2 1
2
e
sW cW
cos2 θ
{
1
sin2 θ
[
R
R− 1 −
R logR
(R− 1)2
]
− 2ǫ
[
C24(m
2
t ,M
2
W ,M
2
W ) + C24(m
2
t ,M
2
H ,M
2
H)− 2C24(m2t ,M2W ,M2H)
]}
,(6.41)
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in addition to the SM contribution to δgLSM from G
+ exchange. We have defined R ≡
m2t/M
2
H , MH is the mass of H
+. As before, in the Y = 0 model, θ = θ0 and ǫ = +1, while
in the Y = 2 model, θ = θ2 and ǫ = −1.
Note that δgL is proportional to cos2 θ, which goes to zero in the large tan θ limit.
This is due to the fact that in the limit of small triplet vev in either of these models, the
overlap of H+ with the doublet is proportional to cos θ. As a result, in the large tan θ
limit, H+ is almost entirely triplet and so its couplings to quarks are very small. Also
in the large tan θ limit, the off–diagonal ZG+H− coupling goes to zero, and the ZG+G−
coupling approaches its SM value.
Constraints from the ρ parameter
We must also take into account the constraint on tan θ from the ρ parameter in
each of the models. Since ∆ρ depends differently on tan θ0 than on tan θ2, the constraint
on tan θ will be different in the Y = 0 model than in the Y = 2 model.
The experimental constraints on ∆ρ are taken from reference [5], in which ∆ρ =
ǫ1. Reference [5] finds,
∆ρ = (3.9 ± 1.2)× 10−3. (6.42)
However, we cannot take this directly as a constraint on tan θ0 and tan θ2, because the ρ
parameter gets radiative corrections from SM particles. We must take into account these
radiative corrections in order to extract limits on ∆ρ from new physics.
In the SM, the radiative corrections to ρ depend on the masses of the top quark
and the SMHiggs boson. If the top quark and the SMHiggs boson are taken to lie in certain
mass ranges, a range can be found for the SM prediction for the radiative corrections to ρ.
From reference [5], if the mass ranges are taken to be 170 GeV < mt < 180 GeV and 70
GeV < mH < 1000 GeV, then the SM predictions for ∆ρ from radiative corrections are,
3.32 × 10−3 < ∆ρSM < 6.19× 10−3. (6.43)
We must take this into account in order to find the experimental limits on ∆ρ due to new
physics. Varying the SM prediction for ∆ρ within this range, we find the following limits
on ∆ρ from new physics, at the 2σ level:
− 4.7 × 10−3 < ∆ρnew < 3.0× 10−3. (6.44)
We now use ∆ρnew to constrain tan θ0 and tan θ2. We ignore the radiative corrections
from the non–minimal Higgs sector. Note that ∆ρnew can be either positive or negative.
In the Y = 0 model, ∆ρnew is positive, while in the Y = 2 model, ∆ρnew is negative. The
resulting 2σ limits on tan θ0 and tan θ2 are,
tan θ0 > 18 (6.45)
tan θ2 > 15. (6.46)
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Results
The contribution to δgL in both the Y = 0 model and the Y = 2 model is
proportional to cos2 θ (equation 6.41). When the constraints on tan θ from the ρ parameter
are imposed, the corrections to Rb and Ab are very small. In the Y = 0 model, for
tan θ0 = 18 andMH+ varying between 10 and 1000 GeV, −6.7×10−6 < ∆Rb < 7.2×10−6
and −2.5×10−6 < ∆Ab < 2.7×10−6. In the Y = 2 model, for tan θ2 = 15 and again MH+
varying between 10 and 1000 GeV, −1.2× 10−5 < ∆Rb < −5.9× 10−6 and −4.6× 10−6 <
∆Ab < −2.2× 10−6. These corrections are minuscule compared to the experimental error
on the Rb and Ab measurements (equations 2.26 and 2.27).
In general, the contribution to δgL vanishes in the large tan θ limit in any model in
which the charged Goldstone boson is made up almost entirely of the doublet that couples
to quarks. Then the overlap of the other charged Higgs states with the doublet is very
small, so the other charged Higgs states couple very weakly to quarks. This occurs in any
model that contains only one scalar doublet, plus any number of singlets and multiplets
larger than doublets, as long as the vevs of the multiplets larger than doublets are forced
to be small.
The contributions of multiplets larger than doublets to Z → bb¯ can be large only
if the larger multiplets mix significantly with doublets, so that the resulting Higgs states
have non–negligible couplings to quarks. This can happen in two ways. First, if the model
contains more than one doublet, then the charged Goldstone boson will not necessarily
be made up almost entirely of the doublet which couples to quarks. In fact, in a Type II
model, one doublet couples to up–type quarks and a different one couples to down–type
quarks. In this case, there is no way that the charged Goldstone boson can consist entirely
of both the doublets. The remaining parts of the doublets which couple to quarks can then
be mixed into the physical charged Higgs states, giving them non–negligible couplings to
quarks. A model of this type is discussed in section 6.2.2. Second, if the multiplets
larger than doublets have sizeable vevs, then the charged Goldstone boson must contain
some admixture of the larger multiplets, leaving part of the doublet free to mix into the
physical charged Higgs states. However, in order for the multiplets larger than doublets to
have sizeable vevs without violating the constraint from the ρ parameter, the model must
preserve SU(2)c symmetry. Models of this type are discussed in section 6.2.3.
6.2.2 Models with two doublets and one triplet
We now consider a Higgs sector consisting of two doublets and one triplet. As in
section 6.2.1, the triplet can be real with Y = 0 or complex with Y = 2. The couplings
for these models are listed in appendix D. With two doublets, we can construct either a
Type I model or a Type II model. In this section we consider a Type II model, but we
also note the changes in the formulas that must be made to recover a Type I model.
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We will consider both the corrections due to charged Higgs boson exchange and
the corrections due to neutral Higgs boson exchange. The corrections from neutral Higgs
boson exchange can be significant in a Type II model with large tan β. We define tan β
in this model exactly as in the 2HDM, tan β = v2/v1, where the vevs of the doublets are
〈φ01〉 = v1/
√
2 and 〈φ02〉 = v2/
√
2.
Charged Higgs boson contributions
We first consider the corrections due to charged Higgs boson exchange in the
model with two doublets and one real triplet field with Y = 0. We will refer to this model
as the Y = 0 model. The triplet field is ξ = (ξ+, ξ0, ξ−). We define the triplet vev by
〈ξ0〉 = vξ. In the Y = 0 model we parameterize the vevs by,
tan θ0 =
√
v21 + v
2
2
2vξ
, (6.47)
in analogy to section 6.2.1.
The charged Higgs states are defined as follows. The Goldstone boson is,
G+ = sin θ0(cos βφ
+
1 + sinβφ
+
2 ) + cos θ0ξ
+. (6.48)
In addition we define two orthogonal states,
H+′1 = cos θ0(cos βφ
+
1 + sin βφ
+
2 )− sin θ0ξ+ (6.49)
H+′2 = − sinβφ+1 + cos βφ+2 , (6.50)
which will mix by an angle δ to form the mass eigenstates. Before mixing them, however,
let us take the limit of large tan θ0 in order to satisfy the experimental constraint on the
ρ parameter. We make the approximation sin θ0 ≈ 1 and cos θ0 ≈ 0. Then the states are,
G+ ≃ cos βφ+1 + sin βφ+2 (6.51)
H+′1 ≃ −ξ+ (6.52)
H+′2 = − sin βφ+1 + cosβφ+2 . (6.53)
These states mix by an angle δ to form the mass eigenstates, which are,
H+1 ≃ sin δ(− sin βφ+1 + cos βφ+2 )− cos δξ+ (6.54)
H+2 ≃ cos δ(− sin βφ+1 + cos βφ+2 ) + sin δξ+. (6.55)
The exact states are listed in appendix D, where we do not make the large tan θ0 approx-
imation.
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We next consider the corrections due to charged Higgs boson exchange in the
model with two doublets and one complex triplet field with Y = 2. We will refer to this
model as the Y = 2 model. The triplet field is χ = (χ++, χ+, χ0). We define the triplet
vev by 〈χ0〉 = vχ/
√
2. In the Y = 2 model we parameterize the vevs by,
tan θ2 =
√
v21 + v
2
2√
2vχ
, (6.56)
again in analogy to section 6.2.1.
The charged Higgs states in the Y = 2 model are parameterized in the same way
as the states in the Y = 0 model. The Goldstone boson is,
G+ = sin θ2(cos βφ
+
1 + sin βφ
+
2 ) + cos θ2χ
+. (6.57)
In addition we define two orthogonal states,
H+′1 = cos θ2(cos βφ
+
1 + sin βφ
+
2 )− sin θ2χ+ (6.58)
H+′2 = − sin βφ+1 + cos βφ+2 (6.59)
which will mix by an angle δ to form the mass eigenstates. Before mixing them, however,
let us take the limit of large tan θ2 in order to satisfy the experimental constraint on the
ρ parameter. We make the approximation sin θ2 ≈ 1 and cos θ2 ≈ 0. Then the states are,
G+ ≃ cos βφ+1 + sin βφ+2 (6.60)
H+′1 ≃ −χ+ (6.61)
H+′2 = − sin βφ+1 + cosβφ+2 . (6.62)
These states mix by an angle δ to form the mass eigenstates, which are,
H+1 ≃ sin δ(− sin βφ+1 + cos βφ+2 )− cos δχ+ (6.63)
H+2 ≃ cos δ(− sin βφ+1 + cosβφ+2 ) + sin δχ+. (6.64)
The exact states are listed in appendix D, where we do not make the large tan θ2 approx-
imation.
We now calculate the corrections to Z → bb¯ from charged Higgs boson exchange
in the Type II Y = 0 and Y = 2 models. As in section 6.2.1, we introduce the parameter
ǫ = +1 in the Y = 0 model, and ǫ = −1 in the Y = 2 model. The contributions to δgL
are,
δgL ≃ 1
16π2
1
2
e
sW cW
(
gmt√
2MW
)2
cot2 β
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×
[
sin2 δ
[
R1
R1 − 1 −
R1 logR1
(R1 − 1)2
]
+ cos2 δ
[
R2
R2 − 1 −
R2 logR2
(R2 − 1)2
]]
− ǫ
16π2
e
sW cW
(
gmt√
2MW
)2
cot2 β sin2 δ cos2 δ
[
C24(m
2
t ,M
2
H+
1
,M2
H+
1
)
+ C24(m
2
t ,M
2
H+
2
,M2
H+
2
)− 2C24(m2t ,M2H+
1
,M2
H+
2
)
]
, (6.65)
in addition to the SM correction due to charged Goldstone boson exchange. We have
defined Ri = m
2
t/M
2
H+
i
. In the Type I models, δgL is the same as above with cot2 β
replaced by tan2 β.
The first term of equation 6.65 is the same as the correction in a three Higgs
doublet model (3HDM), given in equation 6.3. It is positive, which gives a negative
contribution to Rb, taking it farther from the measured value. The second term comes
from the effects of the triplet. This second term is proportional to sin2 δ cos2 δ, so it is
only significant for δ near π/4, which corresponds to maximal mixing between the charged
doublet and triplet states in H+1 and H
+
2 . The second term is zero if H
+
1 and H
+
2 have
the same mass.
The sign of the second term depends on the hypercharge of the Higgs triplet. In
the Y = 0 model, the second term is negative. However, the second term is smaller in
magnitude than the first term, so the overall contribution to δgL is positive in the Y = 0
model.
In figure 6.7, we plot the constraints onMH+
1
andMH+
2
from the Rb measurement
in the Y = 0 model, for maximal doublet–triplet mixing (δ = π/4) and tan β = 1. In order
for the Y = 0 model with maximal doublet–triplet mixing to be consistent with the Rb
measurement, one or both of the charged Higgs bosons must be very heavy.
In the Y = 2 model, the second term of equation 6.65 is positive, resulting in
a positive δgL which is larger than in the Y = 0 model. As a result, a larger area of
parameter space is excluded by the Rb measurement in the Y = 2 model than in the
Y = 0 model.
In figure 6.8, we plot the constraints onMH+
1
andMH+
2
from the Rb measurement
on the Y = 2 model, for maximal doublet–triplet mixing (δ = π/4) and tan β = 1. From
the Rb constraint with these parameters, we find that both of the charged Higgs bosons
must be heavier than 410 GeV. If δ is varied or tan β is increased, this bound becomes
lower. Note that we do not plot a direct search bound on the H+ mass. In this model, the
bound on the charged Higgs mass quoted by LEP does not apply, as explained in appendix
I.
For completeness, we also write the contributions to δgR, which are only signifi-
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Figure 6.7:
Constraints from Rb on the masses of the two charged Higgs states H
+
1 and H
+
2 in
the model with two doublets and one real Y = 0 triplet, with tanβ = 1 and δ = π/4.
The area below the solid line is excluded at 95% confidence level. Also shown are
the 99% and 99.9% confidence levels (dashed). The dotted lines are the direct search
bounds on the H+ mass from the OPAL collaboration, MH+ > 68.7 GeV [54], from
LEP data up to
√
s = 189 GeV. (For a discussion of the direct search bound, see
appendix I.)
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Figure 6.8:
Constraints from Rb on the masses of the two charged Higgs states H
+
1 and H
+
2 in
the model with two doublets and one complex Y = 2 triplet, with tanβ = 1 and
δ = π/4. The area below the solid line is excluded at 95% confidence level. For these
values of tanβ and δ, H+ masses below 410 GeV are ruled out. Also shown are the
99% and 99.9% confidence levels (dashed).
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cant at large tan β. For both the Type I and Type II models, they are,
δgR ≃ − 1
16π2
1
2
e
sW cW
(
gmb√
2MW
)2
tan2 β
×
[
sin2 δ
[
R1
R1 − 1 −
R1 logR1
(R1 − 1)2
]
+ cos2 δ
[
R2
R2 − 1 −
R2 logR2
(R2 − 1)2
]]
− ǫ
16π2
e
sW cW
(
gmb√
2MW
)2
tan2 β sin2 δ cos2 δ
[
C24(m
2
t ,M
2
H+
1
,M2
H+
1
)
+C24(m
2
t ,M
2
H+
2
,M2
H+
2
)− 2C24(m2t ,M2H+
1
,M2
H+
2
)
]
, (6.66)
where again ǫ = +1 in the Y = 0 model and ǫ = −1 in the Y = 2 model. The first term of
equation 6.66 is the same as the correction in a 3HDM. The second term comes from the
effects of the triplet.
Neutral Higgs boson contributions
Now let us consider the contributions to Z → bb¯ from neutral Higgs boson ex-
change in these models. The corrections can only be significant in the Type II models
when tan β is large. For this reason, we disregard the Type I models here.
The real triplet with Y = 0 has no CP–odd neutral component, so there is no
Zξ0A0 coupling. For this reason, ξ0 has the same couplings as a Higgs singlet. (The
neutral Higgs couplings for this model are listed in appendix D.) The corrections from
neutral Higgs boson exchange in the Y = 0 model thus have the same form as in a model
containing two doublets and a real singlet with Y = 0. Models of this type were discussed
in section 6.1.2.
In the Y = 2 model, the triplet has both a CP–even and a CP–odd neutral
component, and there is a nonzero Zχ0,rχ0,i coupling. The neutral Higgs states and
couplings in this model are listed in appendix D. We find that the contributions of the
neutral Higgs bosons in this model can be split into two pieces. The first piece is the same
as the contribution in a 3HDM, in which the neutral Higgs states are given by equations
D.104, D.107–D.108, and D.111–D.113, but with the triplet states χ0,r and χ0,i replaced
by the neutral states of the third doublet. This piece is denoted by δgR,L3HDM. The second
piece contains the additional contribution due to the effects of the isospin and hypercharge
of the triplet, and is denoted δgR,Ltriplet. That is,
δgR,L = δgR,L3HDM + δg
R,L
triplet. (6.67)
We calculate the contributions to δgL,R in the limit of large tan θ2. In this limit, the
contributions to δgL,R are as follows. The mixing angles α, γ, and ω, which parameterize
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the mixing of the neutral states, are defined in appendix D. They depend on the details
of the Higgs potential. The contribution in the 3HDM is,
δgR,L3HDM(a) ≃ ∓
1
16π2
e
sW cW
(
gmb√
2MW
)2
tan2 β
×
[
− cos γ cosα sinω(cos γ cosα sinω + sin γ cosω)C24(m2b ,M2H0
1
,M2A0
1
)
+ sin γ cosα sinω(− sin γ cosα sinω + cos γ cosω)C24(m2b ,M2H0
2
,M2A0
1
)
− sin2 α sin2 ωC24(m2b ,M2H0
3
,M2A0
1
)
− cos γ cosα cosω(cos γ cosα cosω − sin γ sinω)C24(m2b ,M2H0
1
,M2A0
2
)
+ sin γ cosα cosω(− sin γ cosα cosω − cos γ sinω)C24(m2b ,M2H0
2
,M2A0
2
)
− sin2 α cos2 ωC24(m2b ,M2H0
3
,M2A0
2
)
]
(6.68)
δgR,L3HDM(b) ≃ −
1
16π2
gL,R
Zbb¯
1
2
(
gmb√
2MW
)2
tan2 β
×
[
cos2 γ cos2 α
(
−2C24 + 1
2
−M2Z(C22 − C23)
)
(M2H0
1
,m2b ,m
2
b)
+ sin2 γ cos2 α
(
−2C24 + 1
2
−M2Z(C22 − C23)
)
(M2H0
2
,m2b ,m
2
b)
+ sin2 α
(
−2C24 + 1
2
−M2Z(C22 − C23)
)
(M2H0
3
,m2b ,m
2
b)
+ sin2 ω
(
−2C24 + 1
2
−M2Z(C22 −C23)
)
(M2A0
1
,m2b ,m
2
b)
+ cos2 ω
(
−2C24 + 1
2
−M2Z(C22 − C23)
)
(M2A0
2
,m2b ,m
2
b)
]
(6.69)
δgR,L3HDM(c) ≃
1
16π2
gR,L
Zbb¯
1
2
(
gmb√
2MW
)2
tan2 β
×
[
cos2 γ cos2 αB1(m
2
b ;m
2
b ,M
2
H0
1
) + sin2 γ cos2 αB1(m
2
b ;m
2
b ,M
2
H0
2
)
+ sin2 αB1(m
2
b ;m
2
b ,M
2
H0
3
) + sin2 ωB1(m
2
b ;m
2
b ,M
2
A0
1
)
+ cos2 ωB1(m
2
b ;m
2
b ,M
2
A0
2
)
]
. (6.70)
The additional contribution due to the effects of the triplet is,
δgR,Ltriplet ≃ ±
1
16π2
e
sW cW
(
gmb√
2MW
)2
tan2 β cosα cos γ sin γ cosω sinω
×
[
C24(m
2
b ,M
2
H0
1
,M2A0
1
) + C24(m
2
b ,M
2
H0
2
,M2A0
2
)
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−C24(m2b ,M2H0
1
,M2A0
2
)− C24(m2b ,M2H0
2
,M2A0
1
)
]
. (6.71)
Note that δgR,Ltriplet is only significant near maximal doublet–triplet mixing in both
the CP–odd and CP–even sectors, which occurs when ω and γ are both near ±π/4. In
addition, δgR,Ltriplet is zero if MH01
= MH0
2
or MA0
1
= MA0
2
. Its sign depends on the mixing
angles and the Higgs masses. For all the neutral Higgs bosons lighter than about 200 GeV
and maximal doublet–triplet mixing, the contribution to Rb from δg
R,L
triplet is smaller than
the contribution to Rb from δg
R,L
3HDM over most of the parameter space. The contribution
to Rb from δg
R,L
3HDM is of the same order of magnitude as the contribution to Rb from the
neutral sector of the 2HDM.
6.2.3 Georgi–Machacek model with SU(2)c symmetry
In order to obtain ρ = 1 at tree level the electroweak symmetry breaking must pre-
serve a “custodial” SU(2) symmetry, called SU(2)c, that ensures equal masses are given to
theW± andW 3. We refer to models with this property as Georgi–Machacek models, after
the extended model of this type with Higgs triplets created by Georgi and Machacek [42].
This class of models, and in particular the triplet Georgi–Machacek model, is described in
detail in appendix E, which also contains details on the SU(2)L× SU(2)R transformations
and how SU(2)c is preserved after electroweak symmetry breaking. In appendix E we also
explain how models that preserve SU(2)c automatically lead to ρ = 1 at tree level, and
derive certain Higgs couplings to fermions and gauge bosons in a general Georgi–Machacek
model.
The triplet Georgi–Machacek model contains a complex Y = 1 doublet Φ, a real
Y = 0 triplet ξ, and a complex Y = 2 triplet χ. The Higgs fields take the form
Φ =
(
φ0∗ φ+
−φ+∗ φ0
)
(6.72)
χ =

 χ
0∗ ξ+ χ++
−χ+∗ ξ0 χ+
χ++∗ ξ− χ0

 (6.73)
where ξ− = −(ξ+)∗, which transform under SU(2)L × SU(2)R as (1/2, 1/2) and (1, 1)
representations, respectively. The electroweak symmetry breaking preserves SU(2)c when
the vevs of the fields are diagonal, 〈χ〉 = vχI and 〈φ0〉 = (vφ/
√
2)I, where I is the unit
matrix.
Under the electroweak symmetry breaking, the SU(2)L × SU(2)R symmetry is
broken down to SU(2)c. A representation (T, T ) of SU(2)L × SU(2)R decomposes into a
set of representations of SU(2)c, in particular, 2T ⊕ 2T − 1 ⊕ · · · ⊕ 1 ⊕ 0. In the triplet
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Georgi–Machacek model, Φ breaks down to a triplet and a singlet of SU(2)c, and χ breaks
down to a fiveplet, a triplet, and a singlet of SU(2)c. TheW
± and Z bosons are given mass
by absorbing the SU(2)c triplet of Goldstone bosons, G
+,0,−
3 . The remaining physical states
are a fiveplet H++,+,0,−,−−5 , a threeplet H
+,0,−
3 , and two singlets H
0
1 and H
0′
1 . If the Higgs
potential is chosen to preserve SU(2)c, then states transforming in different representations
of SU(2)c cannot mix, and the states in each representation are degenerate.
This model contains only one doublet Φ which gives mass to both the top- and
bottom-type quarks. Therefore it is a Type I model and λb ≪ λt. Thus the only sizeable
correction to the Zbb¯ vertex in this model will come from the left-handed charged Higgs
boson loops.
The two singly-charged Higgs bosons and G+ can be written in terms of the
combinations of triplet fields
ψ+ =
1√
2
(χ+ − ξ+), (6.74)
which transforms in a triplet of SU(2)c, and
ζ+ =
1√
2
(χ+ + ξ+), (6.75)
which transforms in a fiveplet of SU(2)c. We denote the ratio of the vevs of χ and φ as
tan θH ≡ 2
√
2vχ
vφ
. (6.76)
Then in terms of the sine and cosine of this angle, denoted by sH and cH , the singly
charged Higgs bosons are
G+3 = cHφ
+ + sHψ
+, (6.77)
H+3 = −sHφ+ + cHψ+, (6.78)
H+5 = ζ
+. (6.79)
If the Higgs potential is chosen to preserve SU(2)c then H
+
3 and H
+
5 are mass
eigenstates because they transform in different representations of SU(2)c [43]. Such a
potential is desirable because it preserves SU(2)c (and ρ = 1) to all orders in the Higgs
self–couplings. However, renormalization of the parameters in the Higgs potential at the
one loop level introduces quadratically divergent terms that break SU(2)c [45]. These terms
lead to quadratically divergent contributions to the ρ parameter and to the mixing of some
of the Higgs states, including H+3 and H
+
5 . In order to cancel the divergent corrections,
SU(2)c–breaking counterterms must be introduced in the bare Lagrangian and fine–tuned
to restore ρ ≈ 1. These SU(2)c–violating corrections arise at the two–loop level in Rb, so
they will be neglected here.
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The couplings in this model have been given in [44,11]. We have also derived
them in appendix E for a general Georgi–Machacek model containing one multiplet Φ =
(1/2, 1/2) and one larger multiplet X = (T, T ). The doublet field Φ is the only field
with quark Yukawa couplings. Under SU(2)c the doublet decomposes into a singlet and a
triplet. Thus only SU(2)c singlets and triplets can contain a doublet admixture and couple
to quarks. This is a general feature of any model whose Higgs sector obeys a custodial
SU(2)c symmetry. In the triplet Georgi–Machacek model the charged Higgs couplings to
quarks are,
gLG+ t¯b =
gmt√
2MW
(6.80)
gL
H+
3
t¯b
=
−gmt√
2MW
tan θH (6.81)
gL
H+
5
t¯b
= 0. (6.82)
These couplings also hold in a general Georgi–Machacek model containing Φ = (1/2, 1/2)
and X = (T, T ), if tan θH is defined as
tan θH =
vX
√
4
3T (T + 1)(2T + 1)
vφ
. (6.83)
The loop corrections to Rb will only involve the charged Higgs states that appear in the
triplet representations of SU(2)c; namely, H
+
3 and G
+.
The relevant ZH+H− couplings for charged Higgs bosons in a triplet of SU(2)c
are given below, for any model which preserves SU(2)c.
gZG+G− =
−e
sW cW
(
1
2
− s2W
)
(6.84)
gZG+H−
3
= 0 (6.85)
gZH+
3
H−
3
=
−e
sW cW
(
1
2
− s2W
)
, (6.86)
as we show in appendix E. The loop corrections to Rb involving H
+ are particularly simple
because the ZG+H−3 coupling is zero.
In any model which preserves SU(2)c and contains only two multiplets Φ and X,
the correction to δgL is, in addition to the SM correction due to the charged Goldstone
loops,
δgL =
1
16π2
(
gmt√
2MW
)2
tan2 θH
1
2
e
sW cW
[
R
R− 1 −
R logR
(R − 1)2
]
(6.87)
from loops involving H+3 , where R ≡ m2t/M2H+
3
. This correction is positive definite and
has the same form as the correction in the 2HDM (equation 6.1).
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In general for a model with custodial SU(2)c and more than one exotic multiplet
X, the correction becomes
δgL =
∑
H+
3i
1
16π2
(gL
H+
3i
t¯b
)2
1
2
e
sW cW
[
Ri
Ri − 1 −
Ri logRi
(Ri − 1)2
]
, (6.88)
which is positive definite. Thus when the Higgs potential is invariant under SU(2)c, the
corrections always decrease Rb.
As in the 2HDM, the Rb measurement can be used to set a lower bound on the
mass of the SU(2)c triplet H3, which varies with tan θH . This bound in independent of the
isospin of the exotic SU(2)L × SU(2)R multiplet X (or χ in the triplet Georgi–Machacek
model). In figure 6.9 we plot the bound on MH3 as a function of tan θH .
For H3 lighter than about 1 TeV, the Rb measurement puts an upper limit on
tan θH , tan θH < 2.0. In the triplet Georgi–Machacek model, this corresponds to an upper
limit on the triplet vev of vχ/vφ < 0.7. As in the Type I 2HDM, the charged Higgs boson
contribution to b → sγ is small compared to the contribution in the Type II 2HDM [57],
and the b→ sγ measurement does not provide additional bounds on the parameter space.
In most of the region allowed by Rb, 0.9345 < Ab < 0.935. There is a small region
of larger Ab, up to 0.937, for tan θH very small.
Higgs potential without SU(2)c invariance
If the requirement of SU(2)c symmetry is relaxed, it is no longer meaningful to
write the Higgs fields in SU(2)L × SU(2)R matrices. In the triplet model we must define
the vevs of the two SU(2)L triplets separately, 〈χ0〉 = vχ, and 〈ξ0〉 = vξ. Then SU(2)c
symmetry corresponds to vχ = vξ. The triplet model can still satisfy ρ = 1 if the Higgs
potential is fine-tuned so that vχ = vξ. In this situation the two physical charged Higgs
bosons H+3 and H
+
5 can mix with each other. If we parameterize this mixing with an angle
α, the new mass eigenstates are
H+1 = sinαH
+
3 + cosαH
+
5 (6.89)
H+2 = cosαH
+
3 − sinαH+5 (6.90)
and their couplings to the Z and quark pairs are
gL
H+
1
t¯b
=
gmt√
2MW
tan θH sinα (6.91)
gL
H+
2
t¯b
=
gmt√
2MW
tan θH cosα (6.92)
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Figure 6.9:
Bounds from Rb on the Georgi–Machacek model with Higgs triplets and SU(2)c sym-
metry. On the vertical axis we plot tan θH . On the horizontal axis we plot the mass
of the SU(2)c triplet H
±
3 , H
0
3 . The area above the solid line is ruled out at 95%
confidence level by Rb. Also shown (top to bottom) are the 99.9%, 99% and 68%
confidence level contours (dashed). The dot-dashed line is the direct search bound on
the charged Higgs mass from the OPAL collaboration, MH+ > 68.7 GeV [54], from
LEP data up to
√
s = 189 GeV. (For a discussion of the direct search bound, see
appendix I.)
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gZG+H−
1
=
−e
sW cW
1
2
sH cosα (6.93)
gZG+H−
2
=
e
sW cW
1
2
sH sinα (6.94)
gZH+
1
H−
1
=
−e
sW cW
(
1
2
− s2W − cH sinα cosα) (6.95)
gZH+
1
H−
2
=
−e
sW cW
1
2
cH(sin
2 α− cos2 α) (6.96)
gZH+
2
H−
2
=
−e
sW cW
(
1
2
− s2W + cH sinα cosα). (6.97)
Now both of the singly charged Higgs bosons couple to quarks instead of just
one. There are now off–diagonal ZH+i H
−
j couplings with i 6= j and non–SM–like terms in
the diagonal couplings which contribute to δgL.
The correction is
δgLH+ = δg
L
G+(SM)
+
1
16π2
1
2
e
sW cW
(
gmt√
2MW
)2
tan2 θH
{
sin2 α
[
R1
R1 − 1 −
R1 logR1
(R1 − 1)2
]
+ cos2 α
[
R2
R2 − 1 −
R2 logR2
(R2 − 1)2
]}
+
1
16π2
(
e
sW cW
)(
gmt√
2MW
)2
tan2 θH × 2cH sinα cosα
×
{
C24(m
2
t ,M
2
W ,M
2
2 )− C24(m2t ,M2W ,M21 )
+ sin2 α[C24(m
2
t ,M
2
1 ,M
2
1 )− C24(m2t ,M21 ,M22 )]
+ cos2 α[C24(m
2
t ,M
2
1 ,M
2
2 )− C24(m2t ,M22 ,M22 )]
}
, (6.98)
where Ri = m
2
t/M
2
i . The first term is the SM correction due to G
+. The second term is
positive definite and has the same mass dependence as the charged Higgs boson correction
in the 2HDM. The third term arises from the off-diagonal ZH+H− couplings and the non–
SM parts of the diagonal ZH+H− couplings. This third term can be positive or negative,
depending on the mixing angle α. It is negative for MH+
2
> MH+
1
when sinα cosα is
positive, and grows with increasing splitting between MH+
1
and MH+
2
and between MW
and the charged Higgs masses.
This model is fine tuned to vχ = vξ to give ρ = 1; when the parameters of
the Higgs potential are renormalized this fine tuning will be lost. In order to satisfy the
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experimental bounds on ∆ρ [5], we must have
− 4.7× 10−3 < ∆ρ = 4(v
2
ξ − v2χ)
v2φ + 8v
2
χ
< 3.0× 10−3 (6.99)
or −(8.4GeV)2 < v2ξ − v2χ < (6.7GeV)2. For the model to be “natural” we require the
parameters to be of the same order as their fine tuning, or vχ ∼ vξ ∼ 8 GeV. Then
tan θH ∼ 0.09 and the correction in equation 6.98 is suppressed by a factor of tan2 θH ∼
0.008.
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Chapter 7
Conclusions
Radiative corrections to the process Z → bb¯ arise in extended Higgs sectors due
to the exchange of the additional singly–charged and neutral Higgs bosons in such models.
Because the radiative corrections affect the predictions for Rb and Ab, the measurements of
these quantities can in principle be used to constrain the parameter space of the models.
The radiative corrections to Rb from extended Higgs sectors are typically of the same
order of magnitude as the experimental error in the Rb measurement. Thus Rb can be
used to constrain the models. However, the radiative corrections to Ab from extended
Higgs sectors are much smaller than the experimental error in the Ab measurement. They
are also much smaller than the deviation of the Ab measurement from the SM prediction.
We conclude that if Ab 6= ASMb , the deviation does not arise from the contributions of an
extended Higgs sector.
In this thesis we obtained general formulas for the corrections to the Zbb¯ vertex,
and then used the general formulas to calculate the contributions to Rb and Ab in specific
models. Here we summarize our conclusions for the various models.
The contributions from neutral Higgs boson exchange are only significant in a
Type II model with enhanced λb. The regions of parameter space in which the contribution
to Rb from neutral Higgs boson exchange can be positive is almost ruled out by direct Higgs
boson searches, as shown in figure 6.4. Otherwise, the contribution to Rb is negative, giving
a worse agreement with experiment than the SM. A pair of neutral Higgs states, H0 and
A0, with a significant ZH0A0 coupling and a large mass splitting, gives a large negative
contribution to Rb. The Rb measurement can then be used to exclude these regions of
parameter space.
The contributions to Rb from charged Higgs boson exchange are negative in
models which contain only doublets and singlets, and in any model whose Higgs sector
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preserves SU(2)c symmetry. If the contributions from neutral Higgs boson exchange in
these models are not significant (e.g., if λb is small), then Rb sets a lower bound on the
masses of the charged Higgs states. The lower bound depends on λt and the charged Higgs
mixing angles.
The contribution to Rb from charged Higgs boson exchange can only be positive
if the model contains one of two features. It must either contain off–diagonal ZH+i H
−
j
couplings in which both of the charged Higgs bosons couple to quarks and have different
masses, or it must contain diagonal ZH+i H
−
i couplings which differ from the couplings in
doublet models, or both. This can only happen in models which contain Higgs multiplets
larger than doublets and are not constrained by SU(2)c symmetry. In such a model, the
vevs of the multiplets larger than doublets must be very small in order for the model
to be consistent with the measured value of the ρ parameter. With this constraint, the
contribution to Rb can only be positive when the model contains more than one doublet
and there is significant mixing between the doublets and the larger multiplets.
The precision of the Rb and Ab measurements is not likely to improve significantly
in the near future. LEP is no longer running at the Z pole and most of LEP’s Z pole data
has been analyzed. SLD will soon stop taking data. Thus future constraints on extended
Higgs sectors must come from other sources.
The ongoing direct search for Higgs bosons at LEP will discover an SM Higgs
boson at the 5σ level if its mass is below 104 GeV, or exclude an SM Higgs boson at the
95% confidence level up to a mass of 108 GeV [58]. The upcoming search at the Tevatron
Run 2 will have a significantly greater Higgs mass reach. With 10–30 fb−1 of data per
detector, the Tevatron will discover an SM Higgs boson at the 3–5σ level if its mass is
below 190 GeV. If there is no SM Higgs boson lighter than 190 GeV, the Tevatron will be
able to exclude it at 95% confidence level with 10 fb−1 of data [59].
New virtual constraints on extended Higgs sectors will come from measurements
of b quark decays at BaBar. For example, the processes b → sγ and b → sl+l− acquire
radiative corrections from charged Higgs boson exchange. In addition, the process b →
sτ+τ− receives a contribution from a neutral Higgs boson coupled to the τ+τ− pair. The
process b → cτν receives a contribution from tree–level charged Higgs boson exchange
[60,61,62].
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Appendix A
Tree–level Zqq¯ couplings in the Standard
Model
In this section we summarize our conventions for the tree–level couplings of Z to
fermions. The tree–level Zqq¯ vertex is,
− iγµ(gLZqq¯PL + gRZqq¯PR) (A.1)
where PR,L are the right and left handed projection operators, PR,L = (1 ± γ5)/2, and
gR,LZqq¯ are the right and left handed Zqq¯ couplings.
The tree–level Zbb¯ and Ztt¯ couplings in the SM are,
gLZbb¯ =
e
sW cW
(
−12 + 13s2W
)
(A.2)
gRZbb¯ =
e
sW cW
(
1
3s
2
W
)
(A.3)
gLZtt¯ =
e
sW cW
(
1
2 − 23s2W
)
(A.4)
gRZtt¯ =
e
sW cW
(
−23s2W
)
. (A.5)
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Appendix B
Higgs–Vector boson couplings
In this section we list general formulas for the couplings of Higgs bosons to vector
bosons. These couplings come from the covariant derivatives in the kinetic terms for the
Higgs bosons in the Lagrangian,
L = (DµΦk)†(DµΦk) + 1
2
(Dµηi)T (Dµηi), (B.1)
where the Φk are complex Higgs multiplets with isospin Tk and hypercharge Yk, and the
ηi are real Higgs multiplets with isospin Ti and hypercharge zero. The covariant derivative
is
Dµ = ∂µ − igW aµT a − ig′
Y
2
Bµ (B.2)
= ∂µ − i g√
2
(W+µ T
+ +W−µ T
−)
−i g
cos θW
Zµ(T
3 − sin2 θWQ)− ieQAµ (B.3)
where T a are the SU(2) isospin generators, Q = T 3+ Y/2 is the electric charge in units of
the positron charge, T± = (T 1±iT 2), θW is the weak mixing angle given by tan θW = g′/g,
and e = gg′/
√
g2 + g′2 = g sin θW is the electromagnetic coupling. The Higgs–Vector boson
couplings are thus entirely determined by the SU(2)×U(1) quantum numbers of the Higgs
states and the mixing angles which determine the mass eigenstates.
We list the Higgs–Vector boson couplings for electroweak eigenstates in sections
B.1 and B.2 below. Section B.1 contains the coupling rules for complex Higgs represen-
tations, and section B.2 contains the coupling rules for real Higgs representations (with
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hypercharge zero). Finally in section B.3 we list the formulas for the couplings of Higgs
mass eigenstates in terms of the couplings of electroweak eigenstates.
The couplings are defined as follows, with all particles incoming to the vertex:

p2
p1
H2
H1
V µ = igH1H2V (p1 − p2)µ (B.4)

H2
H1
V ν2
V µ1
= igH1H2V1V2g
µν (B.5)

H
V ν2
V µ1
= igHV1V2g
µν (B.6)
The Higgs–Higgs–Vector (HHV) couplings come from the terms in the lagrangian
involving two Higgs fields, one vector field and one partial derivative. The momentum
dependence of the vertex comes from the partial derivative. Because of the momentum
structure of the vertex, the coupling gHHV is antisymmetric under interchange of the two
Higgs fields.
The Higgs–Higgs–Vector–Vector (HHVV) couplings come from the terms in the
lagrangian involving two Higgs fields and two vector fields.
The Higgs–Vector–Vector (HVV) couplings come from the terms in the lagrangian
involving one Higgs field, one Higgs vev, and two vector fields. Therefore if a multiplet has
zero vev, its members will have no HVV couplings. The HVV couplings can be immediately
obtained from the HHVV couplings which involve the CP-even neutral Higgs boson φ0,r.
This is done by replacing φ0,r with φ0,r + v in the lagrangian and keeping terms with one
Higgs field and one vev. In order to conserve electric charge, the HVV couplings can only
involve Higgs bosons of charge +2, +1, 0, -1, or -2.
We note also that in the electroweak basis, the HHV and HHVV couplings can
only involve two Higgs bosons from the same multiplet.
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We use the Condon–Shortley phase convention for the SU(2) generators T±:
T±|T, T 3〉 = [(T ∓ T 3)(T ± T 3 + 1)]1/2|T, T 3 ± 1〉 (B.7)
where |T, T 3〉 represents a state with isospin T and third component of isospin T 3. The
electric charge of a state is related to its hypercharge and third component of isospin by
Q = T 3 + Y/2. Using this, we can write the couplings entirely in terms of the quantum
numbers of the entire Higgs multiplet, Y and T , and the electric charge Q of the particular
Higgs state involved.
B.1 Higgs–Vector couplings for complex Higgs representa-
tions
In this section we list the Higgs–Vector boson couplings for complex Higgs rep-
resentations. We list separately the couplings involving neutral Higgs bosons and those
involving only charged Higgs bosons because the neutral Higgs states must be separated
into CP–even and CP–odd states.
Our notation is as follows. We denote the vev of the Higgs multiplet by v, where
φ0 = 1√
2
(φ0,r + v + iφ0,i) and v is real. Using this notation, in the Standard Model
v = 2MWg = 246 GeV. We denote the complex conjugate of a Higgs state φ
Q of charge Q
by (φQ)∗. Note that (φQ)∗ is a state of charge −Q, but differs from φ−Q.
B.1.1 Higgs–Higgs–Vector couplings
In this section we list the HHV couplings, following the notation of equation B.4.
We first list the couplings involving only charged Higgs bosons.
gφQ(φQ)∗γ = −eQ (B.8)
gφQ(φQ)∗Z = −
g
cW
(
c2WQ−
Y
2
)
(B.9)
gφQ(φQ+1)∗W+ = −
g√
2
[(
T − Y
2
+ 1 +Q
)(
T +
Y
2
−Q
)]1/2
(B.10)
Note that the W− coupling can be obtained from equation B.10 by taking the hermitian
conjugate of the Lagrangian. The couplings are related by,
gH∗
1
H∗
2
W− = −(gH1H2W+)∗. (B.11)
Note that all the couplings are real except for those involving φ0,i. In this case,
g(φQ)∗φQ+1W− = +
g√
2
[(
T − Y
2
+ 1 +Q
)(
T +
Y
2
−Q
)]1/2
. (B.12)
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We now list the couplings involving one or more neutral Higgs bosons. The
neutral Higgs couplings to the photon are zero. Since the Z is CP–odd, it can only couple
to one CP–even and one CP–odd Higgs boson:
gφ0,rφ0,iZ = −
ig
cW
Y
2
(B.13)
The W–Higgs–Higgs couplings are,
gφ0,r(φ+)∗W+ = −
g
2
[(
T +
Y
2
)(
T − Y
2
+ 1
)]1/2
(B.14)
gφ0,i(φ+)∗W+ = −i
g
2
[(
T +
Y
2
)(
T − Y
2
+ 1
)]1/2
(B.15)
gφ−φ0,rW+ = −
g
2
[(
T − Y
2
)(
T +
Y
2
+ 1
)]1/2
(B.16)
gφ−φ0,iW+ = i
g
2
[(
T − Y
2
)(
T +
Y
2
+ 1
)]1/2
(B.17)
(B.18)
Again, the W− couplings are obtained by using equation B.11.
B.1.2 Higgs–Higgs–Vector–Vector couplings
In this section we list the HHVV couplings, following the notation of equation
B.5. We first list the couplings involving only charged Higgs bosons.
gφQ(φQ)∗γγ = 2e
2Q2 (B.19)
gφQ(φQ)∗ZZ =
2g2
c2W
(
c2WQ−
Y
2
)2
(B.20)
gφQ(φQ)∗Zγ =
2Qeg
cW
(
c2WQ−
Y
2
)
(B.21)
gφQ(φQ)∗W+W− = g
2
[(
T +
Y
2
−Q
)(
T − Y
2
+Q
)
+ T
]
(B.22)
gφQ(φQ+2)∗W+W+ = g
2
[(
T +
Y
2
−Q
)(
T − Y
2
+Q+ 1
)]1/2
×
[(
T +
Y
2
−Q− 1
)(
T − Y
2
+Q+ 2
)]1/2
(B.23)
gφQ(φQ+1)∗W+Z =
g2√
2cW
(c2W (2Q+ 1)− Y )
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×
[(
T +
Y
2
−Q
)(
T − Y
2
+ 1 +Q
)]1/2
(B.24)
gφQ(φQ+1)∗W+γ =
ge√
2
(2Q+ 1)
[(
T +
Y
2
−Q
)(
T − Y
2
+ 1 +Q
)]1/2
(B.25)
The Higgs coupling to W− pairs can be obtained from equation B.23 using
gH∗
1
H2W−W− = (gH1H∗2W+W+)
∗, (B.26)
and the Higgs couplings to W−V where V = Z, γ can be obtained from equations B.24
and B.25 using
gH∗
1
H2W−V = (gH1H∗2W+V )
∗. (B.27)
We now list the couplings involving one or more neutral Higgs bosons. The neutral Higgs
couplings to γγ and Zγ are zero.
gφ0,rφ0,rZZ = gφ0,iφ0,iZZ =
g2
c2W
Y 2
2
(B.28)
gφ0,rφ0,iZZ = 0 (B.29)
gφ0,rφ0,rW+W− = gφ0,iφ0,iW+W− =
g2
2
[
2T (T + 1) − Y
2
4
]
(B.30)
gφ0,r(φ+2)∗W+W+ = −igφ0,i(φ+2)∗W+W+ (B.31)
=
g2√
2
[(
T +
Y
2
)(
T − Y
2
+ 1
)]1/2
×
[(
T +
Y
2
− 1
)(
T − Y
2
+ 2
)]1/2
(B.32)
gφ0,rφ−2W+W+ = igφ0,iφ−2W+W+ (B.33)
=
g2√
2
[(
T − Y
2
)(
T +
Y
2
+ 1
)]1/2
×
[(
T − Y
2
− 1
)(
T +
Y
2
+ 2
)]1/2
(B.34)
gφ0,r(φ+)∗W+Z = −igφ0,i(φ+)∗W+Z (B.35)
=
g2
2cW
(c2W − Y )
[(
T +
Y
2
)(
T − Y
2
+ 1
)]1/2
(B.36)
gφ0,rφ−W+Z = igφ0,iφ−W+Z (B.37)
= − g
2
2cW
(c2W + Y )
[(
T − Y
2
)(
T +
Y
2
+ 1
)]1/2
(B.38)
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gφ0,r(φ+)∗W+γ = −igφ0,i(φ+)∗W+γ (B.39)
=
ge
2
[(
T +
Y
2
)(
T − Y
2
+ 1
)]1/2
(B.40)
gφ0,rφ−W+γ = igφ0,iφ−W+γ (B.41)
= −ge
2
[(
T − Y
2
)(
T +
Y
2
+ 1
)]1/2
(B.42)
(B.43)
The Higgs coupling to W− pairs can be obtained from equations B.32 and B.34 using
equation B.26 and remembering that (φ0,r)∗ = φ0,r and (φ0,i)∗ = φ0,i. Similarly the Higgs
couplings to W−V where V = Z, γ can be obtained from equations B.36 – B.42 using
equation B.27.
B.1.3 Higgs–Vector–Vector couplings
In this section we list the HVV couplings, following the notation of equation B.6.
The neutral Higgs couplings are,
gφ0,rZZ =
g2v
c2W
Y 2
2
(B.44)
gφ0,rW+W− = g
2v
(
T (T + 1)− Y
2
4
)
. (B.45)
φ0,i does not couple to gauge boson pairs.
The charged Higgs couplings are,
gφ+W−Z =
g2v
2cW
(c2W − Y )
[(
T +
Y
2
)(
T − Y
2
+ 1
)]1/2
(B.46)
gφ+W−γ =
egv
2
[(
T +
Y
2
)(
T − Y
2
+ 1
)]1/2
(B.47)
gφ−W+Z = −
g2v
2cW
(c2W + Y )
[(
T − Y
2
)(
T +
Y
2
+ 1
)]1/2
(B.48)
gφ−W+γ = −
egv
2
[(
T − Y
2
)(
T +
Y
2
+ 1
)]1/2
(B.49)
gφ+2W−W− =
g2v√
2
[(
T − Y
2
+ 2
)(
T +
Y
2
− 1
)]1/2
×
[(
T − Y
2
+ 1
)(
T +
Y
2
)]1/2
(B.50)
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gφ−2W+W+ =
g2v√
2
[(
T +
Y
2
+ 2
)(
T − Y
2
− 1
)]1/2
×
[(
T +
Y
2
+ 1
)(
T − Y
2
)]1/2
(B.51)
(B.52)
The couplings for the conjugate Higgs states (φQ)∗ are obtained using the following equa-
tions (V = Z, γ),
g(H±)∗W±V = (gH±W∓V )
∗ (B.53)
g(H±2)∗W±W± = (gH±2W∓W∓)
∗. (B.54)
B.2 Higgs–Vector couplings for real, Y = 0 Higgs represen-
tations
In this section we list the Higgs–Vector boson couplings for real Higgs represen-
tations. We consider only real representations with Y = 0 so that each electrically charged
Higgs boson has an antiparticle of opposite charge.
Our notation is as follows. The real Higgs representation is denoted by η. We
denote the vev of the Higgs multiplet by v, where η0 → η0 + v, and v is real.
The complex conjugate of a Higgs state ηQ is related to the state of opposite
charge by (ηQ)∗ = ǫQη−Q where ǫQ = (−1)Q. This relation is derived in section B.2.4. We
list the Higgs–Vector boson couplings for two incoming Higgs bosons, ηQ and ηQ
′
. Note
that an incoming ηQ corresponds to an outgoing (ηQ)∗ = ǫQη−Q. This will be important
for finding the correct sign of diagrams involving a Higgs state that couples to vector
bosons at both ends.
The Higgs–Vector couplings for a real Higgs representation will differ from the
couplings for a complex representation because of the phase relation between (ηQ)∗ and
η−Q. The Higgs–Vector–Vector couplings will also differ because of the different normal-
ization of the vev of a real representation.
B.2.1 Higgs–Higgs–Vector couplings
In this section we list the HHV couplings, following the notation of equation B.4.
gηQη−Qγ = −ǫQeQ (B.55)
gηQη−QZ = −ǫQgcWQ (B.56)
gηQη−Q−1W+ = ǫQ
g√
2
[(T −Q)(T +Q+ 1)]1/2 (B.57)
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gηQη−Q+1W− = ǫQ
g√
2
[(T +Q)(T −Q+ 1)]1/2 (B.58)
These couplings are related to the couplings for complex Higgs representations
given in section B.1.1 as follows. Using ηQ = ǫQ(η
−Q)∗, (ǫQ)2 = 1, and ǫQǫQ+1 = −1,
gηQ(ηQ)∗γ = ǫQgηQη−Qγ = −eQ (B.59)
gηQ(ηQ)∗Z = ǫQgηQη−QZ = −gcWQ (B.60)
gηQ(ηQ+1)∗W+ = ǫQ+1gηQη−Q−1W+
= − g√
2
[(T −Q)(T +Q+ 1)]1/2 (B.61)
g(ηQ)∗ηQ+1W− = ǫQgη−QηQ+1W− =
g√
2
[(T −Q)(T +Q+ 1)]1/2 (B.62)
which are the same as the corresponding couplings for a complex Higgs representation,
with Y = 0.
Note that the W+ and W− couplings are related by
gηQη−Q−1W+ = gη−QηQ+1W− (B.63)
= −(g(ηQ)∗(η−Q−1)∗W−)∗, (B.64)
just as for a complex representation.
B.2.2 Higgs–Higgs–Vector–Vector couplings
In this section we list the HHVV couplings, following the notation of equation
B.5.
gηQη−Qγγ = 2ǫQe
2Q2 (B.65)
gηQη−QZZ = 2ǫQg
2c2WQ
2 (B.66)
gηQη−QZγ = 2ǫQegcWQ
2 (B.67)
gηQη−QW+W− = ǫQg
2[T (T + 1)−Q2] (B.68)
gηQη−Q−2W+W+ = ǫQg
2[(T −Q)(T +Q+ 1)]1/2
×[(T −Q− 1)(T +Q+ 2)]1/2 (B.69)
gηQη−Q−1W+Z = −ǫQ
g2√
2
cW (2Q+ 1)[(T −Q)(T +Q+ 1)]1/2 (B.70)
gηQη−Q−1W+γ = −ǫQ
ge√
2
(2Q+ 1)[(T −Q)(T +Q+ 1)]1/2 (B.71)
The Higgs coupling to W− pairs can be obtained from equation B.69 using
gη−QηQ+2W−W− = gηQη−Q−2W+W+ = (g(η−Q)∗(ηQ+2)∗W+W+)
∗ (B.72)
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and the Higgs couplings to W−V where V = Z, γ can be obtained from equations B.70
and B.71 using
gη−QηQ+1W−V = −gηQη−Q−1W+V = (g(η−Q)∗(ηQ+1)∗W+V )∗, (B.73)
the same as for a complex representation. Note that the couplings for the real representa-
tion are always real; we write (gHHV V )
∗ in equations B.72 and B.73 in order to compare
with equations B.26 and B.27 for the complex representation.
These couplings are related to the couplings for a complex Higgs representation
given in section B.1.2 as follows.
gηQ(ηQ)∗γγ = ǫQgηQη−Qγγ = 2e
2Q2 (B.74)
gηQ(ηQ)∗ZZ = ǫQgηQη−QZZ = 2g
2c2WQ
2 (B.75)
gηQ(ηQ)∗Zγ = ǫQgηQη−QZγ = 2egcWQ
2 (B.76)
gηQ(ηQ)∗W+W− = ǫQgηQη−QW+W− = g
2[T (T + 1)−Q2] (B.77)
gηQ(ηQ+2)∗W+W+ = ǫQ+2gηQη−Q−2W+W+
= g2[(T −Q)(T +Q+ 1)]1/2
×[(T −Q− 1)(T +Q+ 2)]1/2 (B.78)
gηQ(ηQ+1)∗W+Z = ǫQ+1gηQη−Q−1W+Z
=
g2√
2
cW (2Q+ 1)[(T −Q)(T +Q+ 1)]1/2 (B.79)
gηQ(ηQ+1)∗W+γ = ǫQ+1gηQη−Q−1W+γ
=
ge√
2
(2Q+ 1)[(T −Q)(T +Q+ 1)]1/2 (B.80)
which are the same as the corresponding couplings for a complex Higgs representation,
with Y = 0.
B.2.3 Higgs–Vector–Vector couplings
In this section we list the HVV couplings, following the notation of equation B.6.
The neutral Higgs couplings to ZZ, γγ, and Zγ are zero. The neutral Higgs coupling to
W+W− is,
gη0W+W− = g
2v[T (T + 1)]. (B.81)
The charged Higgs couplings are,
gη+W−Z =
g2cW v√
2
[T (T + 1)]1/2 (B.82)
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gη+W−γ =
gev√
2
[T (T + 1)]1/2 (B.83)
gη+2W−W− = g
2v[T (T + 1)]1/2[(T + 2)(T − 1)]1/2 (B.84)
The couplings for η− and η−2 are obtained using the following equations, with V = Z, γ,
gη−W+V = −g(η+)∗W+V = −(gη+W−V )∗ (B.85)
gη−2W+W+ = g(η+2)∗W+W+ = (gη+2W−W−)
∗ (B.86)
where we have used ǫ1 = −1 and ǫ2 = +1. Note that these relations are the same as for a
complex representation.
Notice that the HVV couplings for a real multiplet are not the same as the
corresponding couplings for a complex multiplet with Y = 0, given in section B.1.3. The
couplings of η± and η±2 differ from the corresponding couplings of a complex multiplet by
a factor of
√
2. This difference comes from the factor of
√
2 difference in the normalization
of the vev of the real multiplet compared to that of the complex multiplet.
B.2.4 Derivation of ǫQ
In this section we derive the phase relation between the states of a real Higgs
representation in the electric charge basis.
The lagrangian for a real Higgs representation,
L = 1
2
(Dµη)T (Dµη) (B.87)
is written in a Cartesian basis, in which η is real and the SU(2) generators T a are imaginary
and antisymmetric. However, the Feynman rules are most useful written in terms of charge
eigenstates. In the charge basis, equation B.87 becomes
L = 1
2
T∑
Q=−T
((Dµη)Q)∗(Dµη)Q (B.88)
where (Dµη)Q has isospin T 3 = Q. We introduce this notation in order to treat terms
which involve the raising and lowering operators T± correctly.
Let us first examine the kinetic terms for the Higgs states. The kinetic part of
the Lagrangian is
L = 1
2
T∑
Q=−T
∂µ(η
Q)∗∂µηQ (B.89)
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=
1
2
∂µ(η
0)∗∂µη0 +
T∑
Q=1
∂µ(η
Q)∗∂µηQ (B.90)
=
1
2
ǫ0∂µη
0∂µη0 +
T∑
Q=1
ǫQ∂µη
−Q∂µηQ (B.91)
We have introduced the notation (ηQ)∗ = ǫQη−Q, where ǫQ = ±1 is a phase factor.
Examining the kinetic term for η0, we see immediately that ǫ0 = 1, or (η
0)∗ = η0, as is
required for a real representation.
We now derive ǫQ for general Q. Consider the following term, in which ρ and η
are two real multiplets,
ρTT+η =
T∑
Q=−T+1
(ρQ)∗(T+η)Q (B.92)
=
T∑
Q=−T+1
ǫQρ
−Q[(T +Q)(T −Q+ 1)]1/2ηQ−1 (B.93)
Taking the complex conjugate of equation B.93,
(ρTT+η)∗ =
T∑
Q=−T+1
ǫQ(ρ
−Q)∗[(T +Q)(T −Q+ 1)]1/2(ηQ−1)∗ (B.94)
=
T∑
Q=−T+1
ǫQ−1ρQ[(T +Q)(T −Q+ 1)]1/2η−Q+1, (B.95)
where we have used ǫ−Q = ǫQ and (ǫQ)2 = 1. The complex conjugate of equation B.93 can
be derived as follows. Writing the real Higgs multiplets in a Cartesian basis, the SU(2)
generators T a can be chosen to be imaginary and antisymmetric. Using
T± = T 1 ± iT 2, (B.96)
we find that
(T+)∗ = −T 1 + iT 2 = −T−. (B.97)
The complex conjugate of equation B.93 can be written as,
(ρTT+η)∗ = −ρTT−η (B.98)
= −
T−1∑
Q′=−T
(ρQ
′
)∗(T−η)Q
′
(B.99)
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= −
T−1∑
Q′=−T
(ρQ
′
)∗[(T −Q′)(T +Q′ + 1)]1/2ηQ′+1 (B.100)
= −
T−1∑
Q′=−T
ǫQ′ρ
−Q′ [(T −Q′)(T +Q′ + 1)]1/2ηQ′+1. (B.101)
Changing the summation index to Q = −Q′ and using the fact that ǫ−Q = ǫQ,
(ρTT+η)∗ = −
T∑
Q=−T+1
ǫQρ
Q[(T +Q)(T −Q+ 1)]1/2η−Q+1. (B.102)
Comparing equations B.95 and B.102, we see that ǫQ−1 = −ǫQ. Together with ǫ0 = 1, this
gives us a general expression for ǫQ,
ǫQ = (−1)Q. (B.103)
B.3 Higgs–Vector couplings for Higgs mass eigenstates
In computing the amplitudes for real processes we are interested in the couplings
of Higgs mass eigenstates to vector bosons. In general, the Higgs mass eigenstates will not
correspond to electroweak eigenstates. The couplings of Higgs mass eigenstates to vector
bosons are obtained from the couplings given in sections B.1 and B.2 above using the
following formulas. Hi is a Higgs mass eigenstate and φi is a Higgs electroweak eigenstate.
gHV1V2 =
∑
φi
〈H|φi〉gφiV1V2 (B.104)
gH1H2V =
∑
φi
∑
φj
〈H1|φi〉〈H2|φj〉gφiφjV (B.105)
and the H1H2V1V2 coupling is given by equation B.105 with V replaced by V1V2.
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The two Higgs doublet model
In this section we summarize the couplings and the corrections to the ρ parameter
in the two Higgs doublet model (2HDM). The physical spectrum contains one charged
Higgs state,
H± = − sin βφ±1 + cos βφ±2 , (C.1)
one CP–odd neutral state,
A0 = − sinβφ0,i1 + cos βφ0,i2 , (C.2)
and two CP–even neutral states,
h0 = − sinαφ0,r1 + cosαφ0,r2 (C.3)
H0 = cosαφ0,r1 + sinαφ
0,r
2 (C.4)
where α is a mixing angle and Mh0 < MH0 . There are also the three Goldstone bosons,
G0 = cosβφ0,i1 + sin βφ
0,i
2 (C.5)
G± = cosβφ±1 + sin βφ
±
2 . (C.6)
The Higgs Yukawa couplings in the Type II 2HDM are of the form
i(gLHq¯qPL + g
R
Hq¯qPR) = i(g
V
Hq¯q + g
A
Hq¯qγ5). (C.7)
The quark couplings for each Higgs state are,
gLG+ t¯b =
gmt√
2MW
(C.8)
82
The two Higgs doublet model
gRG+ t¯b = −
gmb√
2MW
(C.9)
gLH+ t¯b =
gmt√
2MW
cot β (C.10)
gRH+ t¯b =
gmb√
2MW
tan β (C.11)
gVh0bb¯ =
gmb
2MW
sinα
cos β
(C.12)
gVH0bb = −
gmb
2MW
cosα
cos β
(C.13)
gAG0bb = −
igmb
2MW
(C.14)
gAA0bb =
igmb
2MW
tan β. (C.15)
All the Higgs couplings in the Type I model are the same as in the Type II model except
for
gLH+ t¯b = −
gmt√
2MW
tan β. (C.16)
The Z–Higgs–Higgs couplings take the form,
igZHiHj (pi − pj)µ, (C.17)
where pi (pj) is the incoming momentum of Hi (Hj). The couplings are,
gZG+G− = −
e
sW cW
(
1
2
− s2W ) (C.18)
gZH+H− = −
e
sW cW
(
1
2
− s2W ) (C.19)
gZG+H− = 0 (C.20)
gZh0G0 = −
i
2
e
sW cW
sin(β − α) (C.21)
gZH0G0 = −
i
2
e
sW cW
cos(β − α) (C.22)
gZh0A0 = −
i
2
e
sW cW
cos(β − α) (C.23)
gZH0A0 =
i
2
e
sW cW
sin(β − α). (C.24)
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We now give the one–loop contribution of the 2HDM Higgs bosons to the ρ
parameter, from reference [55]. This contribution is defined relative to the SM in which
the SM Higgs mass is taken equal to Mh0 . We have corrected a typographical error in the
formula for ∆ρ in reference [55].
∆ρ =
α
16πM2W s
2
W
{
F (M2H± ,M
2
A0) + sin
2(β − α)
[
F (M2H± ,M
2
H0)− F (M2A0 ,M2H0)
]
+cos2(β − α)
[
F (M2H± ,M
2
h0)− F (M2A0 ,M2h0) + F (M2W ,M2H0)
−F (M2W ,M2h0)− F (M2Z ,M2H0) + F (M2Z ,M2h0)
+4M2Z
[
B0(0;M
2
Z ,M
2
H0)−B0(0;M2Z ,M2h0)
]
−4M2W
[
B0(0;M
2
W ,M
2
H0)−B0(0;M2W ,M2h0)
]]}
(C.25)
where sW ≡ sin θW , and
B0(0;m
2
1,m
2
2) =
A0(m
2
1)−A0(m22)
m21 −m22
(C.26)
A0(m
2) ≡ m2(∆ + 1− logm2) (C.27)
F (m21,m
2
2) ≡ 12(m21 +m22)−
m21m
2
2
m21 −m22
log
(
m21
m22
)
. (C.28)
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Appendix D
Details of the models with two Higgs
doublets and one triplet
In this chapter we summarize the details of the models with two doublets and one
triplet, discussed in section 6.2.2. We list the Higgs mass eigenstates, and their couplings
which are relevant in the calculation of the corrections to Z → bb¯.
The Higgs sector in these models consists of two complex, Y = 1 Higgs doublets,
denoted by Φ1 and Φ2, plus a triplet field. The triplet field can either be a real triplet with
Y = 0, or a complex triplet with Y = 2. We thus have four possible models to consider:
a Type I model with a Y = 0 triplet, a Type II model with a Y = 0 triplet, a Type I
model with a Y = 2 triplet, and a Type II model with a Y = 2 triplet. We will refer to
the models with a Y = 0 triplet as the Y = 0 models, and to the models with a Y = 2
triplet as the Y = 2 models.
We will treat the Y = 0 and Y = 2 models separately. In what follows we will
assume that the models are Type II, but will also give the couplings in the Type I models
where they differ from those in the Type II models.
We define tan β in these models exactly as in the 2HDM: tan β = v2/v1, where
the vevs of the doublets are 〈φ01〉 = v1/
√
2 and 〈φ02〉 = v2/
√
2. The vev of the triplet field
must be fine–tuned very small in order to be consistent with the measured value of the ρ
parameter, ρ ≈ 1.
D.1 Y = 0 model
We first consider the model with one doublet and one real triplet field with Y = 0.
The triplet field is ξ = (ξ+, ξ0, ξ−). We define the triplet vev as 〈ξ0〉 = vξ. The vevs are
85
D.1 Y = 0 model
constrained by the W mass to satisfy,
v2SM = v
2
1 + v
2
2 + 4v
2
ξ , (D.1)
where vSM = 246 GeV. It is convenient to parameterize the ratio of the vevs by,
tan θ0 =
√
v21 + v
2
2
2vξ
. (D.2)
In this model, the tree–level ρ parameter is,
ρ =
v21 + v
2
2 + 4v
2
ξ
v21 + v
2
2
= 1 +
4v2ξ
v21 + v
2
2
= 1 +∆ρ. (D.3)
Writing this in terms of tan θ0, we find
∆ρ =
1
tan2 θ0
. (D.4)
We see that in order to have ρ ≈ 1, the triplet vev must be very small, giving large tan θ0.
This model contains three charged states, one from each of the doublets and one
from the triplet. The charged Higgs states mix to form the Goldstone boson,
G+ = sin θ0(cos βφ
+
1 + sinβφ
+
2 ) + cos θ0ξ
+, (D.5)
and two orthogonal states which are the physical charged Higgs bosons. We define two
orthogonal states,
H+′1 = cos θ0(cos βφ
+
1 + sin βφ
+
2 )− sin θ0ξ+ (D.6)
H+′2 = − sinβφ+1 + cos βφ+2 (D.7)
which will mix by an angle δ to form the mass eigenstates. The mixing angle δ depends on
the details of the Higgs potential. The mass eigenstates then take the complicated form,
H+1 = (cos δ cos θ0 cos β − sin δ sin β)φ+1
+(cos δ cos θ0 sinβ + sin δ cos β)φ
+
2 − cos δ sin θ0ξ+ (D.8)
H+2 = (− sin δ cos θ0 cosβ − cos δ sinβ)φ+1
+(− sin δ cos θ0 sin β + cos δ cos β)φ+2 + sin δ sin θ0ξ+. (D.9)
The Higgs couplings to quarks are of the form,
i(gLHq¯qPL + g
R
Hq¯qPR) = i(g
V
Hq¯q + g
A
Hq¯qγ5). (D.10)
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In the Type II model, the charged Higgs couplings to t¯b are,
gLG+ t¯b =
gmt√
2MW
(D.11)
gRG+ t¯b = −
gmb√
2MW
(D.12)
gL
H+
1
t¯b
=
gmt√
2MW
(cos δ cos θ0 sin β + sin δ cos β)
sin β sin θ0
(D.13)
gR
H+
1
t¯b
= − gmb√
2MW
(cos δ cos θ0 cos β − sin δ sin β)
cos β sin θ0
(D.14)
gL
H+
2
t¯b
=
gmt√
2MW
(− sin δ cos θ0 sin β + cos δ cos β)
sin β sin θ0
(D.15)
gR
H+
2
t¯b
= − gmb√
2MW
(− sin δ cos θ0 cos β − cos δ sin β)
cos β sin θ0
. (D.16)
In the Type I model, the couplings are the same except for,
gL
H+
1
t¯b
=
gmt√
2MW
(cos δ cos θ0 cosβ − sin δ sinβ)
cos β sin θ0
(D.17)
gL
H+
2
t¯b
=
gmt√
2MW
(− sin δ cos θ0 cos β − cos δ sin β)
cos β sin θ0
. (D.18)
The Z–Higgs–Higgs couplings take the form,
igZHiHj (pi − pj)µ, (D.19)
where pi (pj) is the incoming momentum of Hi (Hj). The charged Higgs couplings to Z
are,
gZG+(G+)∗ = −
e
sW cW
[
1
2
− s2W +
1
2
cos2 θ0
]
(D.20)
gZG+(H+
1
)∗ =
e
sW cW
1
2
sin θ0 cos θ0 cos δ (D.21)
gZG+(H+
2
)∗ = −
e
sW cW
1
2
sin θ0 cos θ0 sin δ (D.22)
gZH+
1
(H+
1
)∗ = −
e
sW cW
[
1
2
− s2W +
1
2
sin2 θ0 cos
2 δ
]
(D.23)
gZH+
2
(H+
2
)∗ = −
e
sW cW
[
1
2
− s2W +
1
2
sin2 θ0 sin
2 δ
]
(D.24)
gZH+
1
(H+
2
)∗ =
e
sW cW
1
2
sin δ cos δ sin2 θ0, (D.25)
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where sW is the sine of the weak mixing angle.
The states and couplings can be simplified a great deal if we take the limit of large
tan θ0, as required by the measured value of the ρ parameter. As shown in section 6.2.1,
the ρ parameter measurement requires tan θ0 > 18. This corresponds to sin θ0 > 0.998
and cos θ0 < 0.055. We will make the approximation sin θ0 = 1 and cos θ0 = 0. Then the
charged states are,
G+ ≃ cos βφ+1 + sin βφ+2 (D.26)
H+′1 ≃ −ξ+ (D.27)
H+′2 = − sin βφ+1 + cosβφ+2 . (D.28)
Mixing H+′1 and H
+′
2 through the mixing angle δ, the physical mass eigenstates are,
H+1 ≃ sin δ(− sin βφ+1 + cos βφ+2 )− cos δξ+ (D.29)
H+2 ≃ cos δ(− sin βφ+1 + cos βφ+2 ) + sin δξ+. (D.30)
In the Type II model, the charged Higgs couplings to t¯b simplify to,
gL
H+
1
t¯b
=
gmt√
2MW
cot β sin δ (D.31)
gR
H+
1
t¯b
= +
gmb√
2MW
tan β sin δ (D.32)
gL
H+
2
t¯b
=
gmt√
2MW
cot β cos δ (D.33)
gR
H+
2
t¯b
= +
gmb√
2MW
tan β cos δ. (D.34)
In the Type I model, cot β is replaced by tan β in the left–handed couplings.
The charged Higgs couplings to Z simplify to,
gZG+(G+)∗ = −
e
sW cW
[
1
2
− s2W
]
(D.35)
gZG+(H+
1
)∗ = 0 (D.36)
gZG+(H+
2
)∗ = 0 (D.37)
gZH+
1
(H+
1
)∗ = −
e
sW cW
[
1
2
− s2W +
1
2
cos2 δ
]
(D.38)
gZH+
2
(H+
2
)∗ = −
e
sW cW
[
1
2
− s2W +
1
2
sin2 δ
]
(D.39)
gZH+
1
(H+
2
)∗ =
e
sW cW
1
2
sin δ cos δ. (D.40)
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Neutral Higgs bosons in the Y = 0 model
In the Y = 0 model there are three CP–even neutral degrees of freedom and
only two CP–odd neutral degrees of freedom, because the real triplet contributes only a
CP–even degree of freedom. These states mix to form three CP–even states, one CP–odd
state, and the CP–odd neutral Goldstone boson.
The neutral Goldstone boson is,
G0 = cos βφ0,i1 + sin βφ
0,i
2 , (D.41)
and the physical CP–odd neutral Higgs boson is the orthogonal state,
A0 = − sinβφ0,i1 + cos βφ0,i2 . (D.42)
Note that G0 and A0 are the same as in the 2HDM.
We next define three orthogonal CP–even Higgs states. We allow the CP–even
components of the two doublets to mix by an angle α, in analogy with the 2HDM. This
gives two orthogonal states,
H0′ = cosαφ0,r1 + sinαφ
0,r
2 (D.43)
h0′ = − sinαφ0,r1 + cosαφ0,r2 . (D.44)
In general, both H0′ and h0′ mix with ξ0 by angles determined by the details of the Higgs
potential. However, for simplicity we will consider the case in which only H0′ mixes with
the triplet. We will parameterize this doublet–triplet mixing with the mixing angle γ. The
resulting mass eigenstates are,
H01 = cos γ(cosαφ
0,r
1 + sinαφ
0,r
2 ) + sin γξ
0 (D.45)
H02 = − sin γ(cosαφ0,r1 + sinαφ0,r2 ) + cos γξ0 (D.46)
H03 = − sinαφ0,r1 + cosαφ0,r2 . (D.47)
The neutral Higgs couplings to quarks are,
gVH0
1
bb¯ = −
1√
2
(
gmb√
2MW
)
cos γ cosα
cos β sin θ0
(D.48)
gVH0
2
bb¯ = −
1√
2
(
gmb√
2MW
) − sin γ cosα
cosβ sin θ0
(D.49)
gVH0
3
bb¯ = −
1√
2
(
gmb√
2MW
) − sinα
cos β sin θ0
(D.50)
gAG0bb¯ = −
i√
2
(
gmb√
2MW
)
1
sin θ0
(D.51)
gAA0bb¯ = −
i√
2
(
gmb√
2MW
) − tan β
sin θ0
. (D.52)
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The neutral Higgs couplings to Z are,
gZH0
1
G0 =
ie
sW cW
[
−1
2
cos γ cos(β − α)
]
(D.53)
gZH0
1
A0 =
ie
sW cW
[
1
2
cos γ sin(β − α)
]
(D.54)
gZH0
2
G0 =
ie
sW cW
[
1
2
sin γ cos(β − α)
]
(D.55)
gZH0
2
A0 =
ie
sW cW
[
−1
2
sin γ sin(β − α)
]
(D.56)
gZH0
3
G0 =
ie
sW cW
[
−1
2
sin(β − α)
]
(D.57)
gZH0
3
A0 =
ie
sW cW
[
−1
2
cos(β − α)
]
. (D.58)
The Higgs couplings to b quarks can be simplified if we take the limit of large
tan θ0, as required by the measured value of the ρ parameter. When we make the approx-
imation sin θ0 ≈ 1, the neutral Higgs couplings to b quarks become,
gVH0
1
bb¯ = −
1√
2
(
gmb√
2MW
)
cos γ cosα
cos β
(D.59)
gVH0
2
bb¯ = −
1√
2
(
gmb√
2MW
) − sin γ cosα
cosβ
(D.60)
gVH0
3
bb¯ = −
1√
2
(
gmb√
2MW
) − sinα
cos β
(D.61)
gAG0bb¯ = −
i√
2
(
gmb√
2MW
)
(D.62)
gAA0bb¯ = −
i√
2
(
gmb√
2MW
)
(− tan β). (D.63)
D.2 Y = 2 model
We now consider the model with one doublet and one complex triplet field with
Y = 2. The triplet field is χ = (χ++, χ+, χ0). We define the triplet vev as 〈χ0〉 = vχ/
√
2.
The vevs are constrained by the W mass to satisfy,
v2SM = v
2
1 + v
2
2 + 2v
2
χ, (D.64)
where vSM = 246 GeV. It is convenient to parameterize the ratio of the vevs by,
tan θ2 =
√
v21 + v
2
2√
2vχ
. (D.65)
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In this model, the tree–level ρ parameter is,
ρ =
v21 + v
2
2 + 2v
2
χ
v21 + v
2
2 + 4v
2
χ
= 1− 2v
2
χ
v21 + v
2
2 + 4v
2
χ
= 1 +∆ρ. (D.66)
Writing this in terms of tan θ2, we find
∆ρ = − 1
tan2 θ2 + 2
. (D.67)
We see that in order to have ρ ≈ 1, the triplet vev must be very small, giving large tan θ2.
This model contains three singly–charged states, one from each of the doublets
and one from the triplet. The charged Higgs states mix to form the Goldstone boson,
G+ = sin θ2(cos βφ
+
1 + sin βφ
+
2 ) + cos θ2χ
+, (D.68)
and two orthogonal states which are the physical charged Higgs bosons. We define two
orthogonal states,
H+′1 = cos θ2(cos βφ
+
1 + sin βφ
+
2 )− sin θ2χ+ (D.69)
H+′2 = − sin βφ+1 + cos βφ+2 , (D.70)
which will mix by an angle δ to form the mass eigenstates. The mixing angle δ depends on
the details of the Higgs potential. The mass eigenstates then take the complicated form,
H+1 = (cos δ cos θ2 cos β − sin δ sin β)φ+1
+(cos δ cos θ2 sinβ + sin δ cos β)φ
+
2 − cos δ sin θ2ξ+ (D.71)
H+2 = (− sin δ cos θ2 cosβ − cos δ sinβ)φ+1
+(− sin δ cos θ2 sin β + cos δ cos β)φ+2 + sin δ sin θ2ξ+. (D.72)
The Higgs couplings to quarks are of the form,
i(gLHq¯qPL + g
R
Hq¯qPR) = i(g
V
Hq¯q + g
A
Hq¯qγ5). (D.73)
In the Type II model, the charged Higgs couplings to t¯b are,
gLG+ t¯b =
gmt√
2MW
(D.74)
gRG+ t¯b = −
gmb√
2MW
(D.75)
gL
H+
1
t¯b
=
gmt√
2MW
(cos δ cos θ2 sin β + sin δ cos β)
sin β sin θ2
(D.76)
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gR
H+
1
t¯b
= − gmb√
2MW
(cos δ cos θ2 cos β − sin δ sin β)
cos β sin θ2
(D.77)
gL
H+
2
t¯b
=
gmt√
2MW
(− sin δ cos θ2 sin β + cos δ cos β)
sin β sin θ2
(D.78)
gR
H+
2
t¯b
= − gmb√
2MW
(− sin δ cos θ2 cos β − cos δ sin β)
cos β sin θ2
. (D.79)
In the Type I model, the couplings are the same except for,
gL
H+
1
t¯b
=
gmt√
2MW
(cos δ cos θ2 cosβ − sin δ sinβ)
cos β sin θ2
(D.80)
gL
H+
2
t¯b
=
gmt√
2MW
(− sin δ cos θ2 cos β − cos δ sin β)
cos β sin θ2
. (D.81)
The Z–Higgs–Higgs couplings take the form,
igZHiHj (pi − pj)µ, (D.82)
where pi (pj) is the incoming momentum of Hi (Hj). The charged Higgs couplings to Z
are,
gZG+(G+)∗ = −
e
sW cW
[
1
2
− s2W −
1
2
cos2 θ2
]
(D.83)
gZG+(H+
1
)∗ = −
e
sW cW
1
2
sin θ2 cos θ2 cos δ (D.84)
gZG+(H+
2
)∗ =
e
sW cW
1
2
sin θ2 cos θ2 sin δ (D.85)
gZH+
1
(H+
1
)∗ = −
e
sW cW
[
1
2
− s2W −
1
2
sin2 θ2 cos
2 δ
]
(D.86)
gZH+
2
(H+
2
)∗ = −
e
sW cW
[
1
2
− s2W −
1
2
sin2 θ2 sin
2 δ
]
(D.87)
gZH+
1
(H+
2
)∗ = −
e
sW cW
1
2
sin δ cos δ sin2 θ2, (D.88)
where sW is the sine of the weak mixing angle.
The states and couplings can be simplified a great deal if we take the limit of large
tan θ2, as required by the measured value of the ρ parameter. As shown in section 6.2.1,
the ρ parameter measurement requires tan θ2 > 15. This corresponds to sin θ2 > 0.998
and cos θ2 < 0.067. We will make the approximation sin θ2 = 1 and cos θ2 = 0. Then the
charged states are,
G+ ≃ cos βφ+1 + sin βφ+2 (D.89)
H+′1 ≃ −χ+ (D.90)
H+′2 = − sin βφ+1 + cosβφ+2 . (D.91)
92
Details of the models with two Higgs doublets and one triplet
Mixing H+′1 and H
+′
2 through the mixing angle δ, the physical mass eigenstates are,
H+1 ≃ sin δ(− sin βφ+1 + cos βφ+2 )− cos δχ+ (D.92)
H+2 ≃ cos δ(− sin βφ+1 + cosβφ+2 ) + sin δχ+. (D.93)
In the Type II model, the charged Higgs couplings to t¯b simplify to,
gL
H+
1
t¯b
=
gmt√
2MW
cot β sin δ (D.94)
gR
H+
1
t¯b
= +
gmb√
2MW
tan β sin δ (D.95)
gL
H+
2
t¯b
=
gmt√
2MW
cot β cos δ (D.96)
gR
H+
2
t¯b
= +
gmb√
2MW
tan β cos δ. (D.97)
In the Type I model, cot β is replaced by tan β in the left–handed couplings.
The charged Higgs couplings to Z simplify to,
gZG+(G+)∗ = −
e
sW cW
[
1
2
− s2W
]
(D.98)
gZG+(H+
1
)∗ = 0 (D.99)
gZG+(H+
2
)∗ = 0 (D.100)
gZH+
1
(H+
1
)∗ = −
e
sW cW
[
1
2
− s2W −
1
2
cos2 δ
]
(D.101)
gZH+
2
(H+
2
)∗ = −
e
sW cW
[
1
2
− s2W −
1
2
sin2 δ
]
(D.102)
gZH+
1
(H+
2
)∗ = −
e
sW cW
1
2
sin δ cos δ. (D.103)
Neutral Higgs bosons in the Y = 2 model
In the Y = 2 model there are three CP–even neutral degrees of freedom and
three CP–odd neutral degrees of freedom. These mix to form three CP–even states, two
CP–odd states, and the CP–odd neutral Goldstone boson.
The neutral Goldstone boson is,
G0 = sin θ2(cos βφ
0,i
1 + sinβφ
0,i
2 ) + cos θ2χ
0,i, (D.104)
and there are two orthogonal states which are the physical CP–odd neutral Higgs bosons.
We define two orthogonal states,
A0′1 = cos θ2(cos βφ
0,i
1 + sinβφ
0,i
2 )− sin θ2χ0,i (D.105)
A0′2 = − sin βφ0,i1 + cos βφ0,i2 . (D.106)
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Note that A0′2 corresponds to A0 in the 2HDM. These states will mix by an angle ω to form
the mass eigenstates. The mixing angle ω depends on the details of the Higgs potential.
The mass eigenstates then take the complicated form,
A01 = (cosω cos θ2 cos β − sinω sin β)φ0,i1
+(cosω cos θ2 sin β + sinω cos β)φ
0,i
2 − cosω sin θ2χ0,i (D.107)
A02 = (− sinω cos θ2 cos β − cosω sin β)φ0,i1
+(− sinω cos θ2 sinβ + cosω cosβ)φ0,i2 + sinω sin θ2χ0,i. (D.108)
Similarly, we can define three orthogonal CP–even Higgs states. We allow the
CP–even components of the two doublets to mix by an angle α, in analogy with the 2HDM.
This gives two orthogonal states,
H0′ = cosαφ0,r1 + sinαφ
0,r
2 (D.109)
h0′ = − sinαφ0,r1 + cosαφ0,r2 . (D.110)
In general, both H0′ and h0′ mix with χ0,r by angles determined by the details of the
Higgs potential. However, for simplicity we will consider the case in which only H0′ mixes
with the triplet. We will parameterize this doublet–triplet mixing with the mixing angle
γ. The resulting mass eigenstates are,
H01 = cos γ(cosαφ
0,r
1 + sinαφ
0,r
2 ) + sin γχ
0,r (D.111)
H02 = − sin γ(cosαφ0,r1 + sinαφ0,r2 ) + cos γχ0,r (D.112)
H03 = − sinαφ0,r1 + cosαφ0,r2 . (D.113)
The neutral Higgs couplings to quarks are,
gVH0
1
bb¯ = −
1√
2
(
gmb√
2MW
)
cos γ cosα
cos β sin θ2
(D.114)
gVH0
2
bb¯ = −
1√
2
(
gmb√
2MW
) − sin γ cosα
cos β sin θ2
(D.115)
gVH0
3
bb¯ = −
1√
2
(
gmb√
2MW
) − sinα
cos β sin θ2
(D.116)
gAG0bb¯ = −
i√
2
(
gmb√
2MW
)
(D.117)
gAA0
1
bb¯ = −
i√
2
(
gmb√
2MW
)
(cosω cos θ2 cos β − sinω sin β)
cos β sin θ2
(D.118)
gAA0
2
bb¯ = −
i√
2
(
gmb√
2MW
)
(− sinω cos θ2 cos β − cosω sin β)
cos β sin θ2
. (D.119)
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The neutral Higgs couplings to Z are,
gZH0
1
G0 =
ie
sW cW
[
−1
2
cos γ sin θ2 cos(β − α)− sin γ cos θ2
]
(D.120)
gZH0
1
A0
1
=
ie
sW cW
[
−1
2
(cos γ cosω cos θ2 cos(β − α)− cos γ sinω sin(β − α))
+ sin γ cosω sin θ2] (D.121)
gZH0
1
A0
2
=
ie
sW cW
[
−1
2
(− cos γ sinω cos θ2 cos(β − α)− cos γ cosω sin(β − α))
− sin γ sinω sin θ2] (D.122)
gZH0
2
G0 =
ie
sW cW
[
1
2
sin γ sin θ2 cos(β − α)− cos γ cos θ2
]
(D.123)
gZH0
2
A0
1
=
ie
sW cW
[
−1
2
(− sin γ cosω cos θ2 cos(β − α) + sin γ sinω sin(β − α))
+ cos γ cosω sin θ2] (D.124)
gZH0
2
A0
2
=
ie
sW cW
[
−1
2
(sin γ sinω cos θ2 cos(β − α) + sin γ cosω sin(β − α))
− cos γ sinω sin θ2] (D.125)
gZH0
3
G0 =
ie
sW cW
[
−1
2
sin θ2 sin(β − α)
]
(D.126)
gZH0
3
A0
1
=
ie
sW cW
[
−1
2
(cosω cos θ2 sin(β − α) + sinω cos(β − α))
]
(D.127)
gZH0
3
A0
2
=
ie
sW cW
[
−1
2
(− sinω cos θ2 sin(β − α) + cosω cos(β − α))
]
. (D.128)
The states and couplings can be simplified a great deal if we take the limit of large
tan θ2, as required by the measured value of the ρ parameter. We make the approximation,
cos θ2 ≈ 0 and sin θ2 ≈ 1. Then the CP–odd neutral states simplify to,
G0 ≃ cosβφ0,i1 + sin βφ0,i2 (D.129)
A01 ≃ − sinω sin βφ0,i1 + sinω cos βφ0,i2 − cosωχ0,i (D.130)
A02 ≃ − cosω sin βφ0,i1 + cosω cos βφ0,i2 + sinωχ0,i. (D.131)
The couplings of A01 and A
0
2 to quarks simplify to,
gAA0
1
bb¯ ≃ +
i√
2
(
gmb√
2MW
)
tan β sinω (D.132)
gAA0
2
bb¯ ≃ +
i√
2
(
gmb√
2MW
)
tan β cosω. (D.133)
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Likewise, the neutral Higgs couplings to Z simplify to,
gZH0
1
G0 ≃
ie
sW cW
[
−1
2
cos γ cos(β − α)
]
(D.134)
gZH0
1
A0
1
≃ ie
sW cW
[
1
2
cos γ sinω sin(β − α) + sin γ cosω
]
(D.135)
gZH0
1
A0
2
≃ ie
sW cW
[
1
2
cos γ cosω sin(β − α)− sin γ sinω
]
(D.136)
gZH0
2
G0 ≃
ie
sW cW
[
1
2
sin γ cos(β − α)
]
(D.137)
gZH0
2
A0
1
≃ ie
sW cW
[
−1
2
sin γ sinω sin(β − α) + cos γ cosω
]
(D.138)
gZH0
2
A0
2
≃ ie
sW cW
[
−1
2
sin γ cosω sin(β − α)− cos γ sinω
]
(D.139)
gZH0
3
G0 ≃
ie
sW cW
[
−1
2
sin(β − α)
]
(D.140)
gZH0
3
A0
1
≃ ie
sW cW
[
−1
2
sinω cos(β − α)
]
(D.141)
gZH0
3
A0
2
≃ ie
sW cW
[
−1
2
cosω cos(β − α)
]
. (D.142)
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Appendix E
Custodial SU(2) symmetry and the
Georgi–Machacek class of models
The Standard Model (SM) makes a number of successful predictions which arise
naturally from the simple form of the SM; for example, the absence of tree–level flavor–
changing neutral currents and the equality of the ρ parameter to one at tree–level. Many
of these built–in successes are lost when the SM is extended, often requiring parameters
of the extended models to be fine–tuned in order to agree with experimental results.
In particular, extended Higgs sectors which contain isospin multiplets larger than
doublets will in general yield a value of the ρ parameter different from one. The ρ param-
eter parameterizes the relation between the W± and Z boson masses and the electroweak
mixing angle, as will be further described in section E.2. In such a model, certain param-
eters must be fine–tuned in order to agree with the measured value of ρ.
Fortunately, there is a class of extended Higgs sectors that automatically yield
ρ = 1 at tree level, without fine–tuning of parameters. The Higgs doublet of the SM is
a member of this class. These models preserve a symmetry, known as “custodial” SU(2)
symmetry, which ensures that ρ = 1 at tree level. The first extended model of this type
was introduced by Georgi and Machacek [42], and contains isospin triplets in addition to
the standard Higgs doublet. We will refer to this model as the Georgi–Machacek model.
We have generalized the Georgi–Machacek model to include multiplets of arbitrary isospin,
while still preserving the custodial symmetry that leads to ρ = 1 [63].
In section E.1 we introduce the SU(2)L × SU(2)R transformations and describe
how the custodial symmetry is preserved after electroweak symmetry breaking. We also
describe the Higgs doublet of the SM in this framework. In section E.2 we explain how
models that preserve the custodial symmetry automatically lead to ρ = 1 at tree level. This
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is the motivation for considering models that preserve the custodial symmetry. In section
E.3 we describe the Georgi–Machacek model with Higgs triplets and custodial symmetry,
first described in reference [42]. In section E.4 we extend the Georgi–Machacek model
to include Higgs multiplets of arbitrary size while still preserving the custodial symmetry
and ρ = 1 at tree level. For the generalized models we derive certain Higgs couplings to
fermions in section E.4.1, and to gauge bosons in section E.4.2. Finally in section E.5 we
show that the generalized Georgi–Machacek model is not invariant under any accidental
global U(1) symmetries, and thus does not contain a massless axion, as some extended
Higgs sectors do.
E.1 Symmetries, notation and conventions
In the SM, the standard Higgs doublet can be written as a matrix,
Φ =
(
φ0∗ φ+
−φ+∗ φ0
)
(E.1)
which transforms under SU(2)L×SU(2)R as Φ→ U †LΦUR. (The neutral states decompose
into CP–even and CP–odd parts as φ0 = (φ0,r + iφ0,i)/
√
2.) The transformation matrices
are
UL,R = exp[−iθL,RnˆL,R · ~TL,R] (E.2)
where ~T = (T 1, T 2, T 3) are the generators of SU(2). Φ transforms as a TL = 1/2 represen-
tation of SU(2)L and a TR = 1/2 representation of SU(2)R. We denote this by introducing
the notation (TL, TR) for a multiplet tranforming under SU(2)L×SU(2)R; in this notation,
Φ = (1/2, 1/2).
The SU(2)L × SU(2)R doublet Φ does not transform as a multiplet of the usual
electroweak gauge symmetries SU(2)L ×U(1)Y , since the two columns of Φ have different
values of hypercharge. In fact, hypercharge corresponds to the third component of SU(2)R,
Y = −2T 3R. Because of this, a Higgs potential for Φ which is invariant under the full
SU(2)L × SU(2)R is also invariant under SU(2)L×U(1)Y . The SM Higgs potential can be
written in a SU(2)L × SU(2)R symmetric form without loss of generality.
However, because the hypercharge operator corresponds to the T3 of SU(2)R,
radiative corrections involving the interaction of the U(1)Y gauge boson Bµ with the Higgs
sector break the SU(2)c symmetry. This violation of SU(2)c leads to one–loop corrections
to ρ which are quadratically divergent. This problem was first noted in reference [43], and
further elaborated in reference [45]. As pointed out in [45], fine–tuning is required to keep
ρ near one in a grand–unification scheme in which the quadratic divergence is cut off by
the grand–unification scale. However, this fine–tuning is no worse than the fine–tuning
required in the SM to control the quadratically divergent one–loop corrections to the SM
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Higgs mass. In what follows we will ignore the breaking of SU(2)c and the fine–tuning
problem; these issues are addressed at length in reference [45].
Under the standard electroweak symmetry breaking, φ0 acquires a vacuum ex-
pectation value (vev) 〈φ0〉 = vSM/
√
2, breaking SU(2)L ×U(1)Y down to U(1)EM . In the
matrix notation the vev of Φ is
〈Φ〉 = vSM√
2
(
1 0
0 1
)
. (E.3)
SU(2)L×SU(2)R is broken down to a “custodial” symmetry SU(2)c, under which Φ trans-
forms as Φ→ U †cΦUc, with the transformation matrices
Uc = exp[−iθcnˆ · ~T ]. (E.4)
This is the same as an SU(2)L × SU(2)R transformation with θLnˆL = θRnˆR. After elec-
troweak symmetry breaking, Φ decomposes into a singlet and a triplet under SU(2)c. The
SU(2)c singlet is
H01 = φ
0,r (E.5)
and the SU(2)c triplet is
Φ3 = (Φ
+
3 ,Φ
0
3,Φ
−
3 ) = (φ
+, φ0,i,−φ+∗). (E.6)
In the SM, the SU(2)c singlet is the physical Higgs boson and the states of the SU(2)c
triplet are the Goldstone bosons. Electric charge corresponds to the third component of
SU(2)c, Q = T
3
c .
Let us now extend this notation to an arbitrary multiplet X that transforms as
(T, T ) under SU(2)L × SU(2)R. X can be written as a (2T + 1) by (2T + 1) matrix. We
will denote the vev of X by
〈X〉 = vXI, (E.7)
where I is the identity matrix. In this notation, the vev of the SM doublet is vX =
√
2vSM .
When SU(2)L × SU(2)R is broken down to SU(2)c, X decomposes as
(T, T )→ 2T ⊕ 2T − 1⊕ · · · ⊕ 1⊕ 0. (E.8)
In this notation, the SM doublet decomposes as (1/2, 1/2) → 1⊕ 0, as described before.
Note that when the Higgs potential is invariant under SU(2)c, all the states which
transform in a single representation of SU(2)c must be degenerate in mass.
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E.2 Motivation: the ρ parameter under custodial SU(2)
symmetry
Perhaps the most important clue we have to the form of the Higgs sector is the
relation between the W± and Z masses and the electroweak mixing angle. This relation
is parameterized by the ρ parameter,
ρ ≡ M
2
W
M2Zc
2
W
(E.9)
where MW and MZ are the W and Z masses and c
2
W = cos
2 θW is the cosine of the
electroweak mixing angle. Experimentally, ρ = 1 to within one percent ([5], in which
ǫ1 = ρ− 1). This follows if the electroweak symmetry breaking gives equal masses to W±
and W 3. This is ensured in a model in which the symmetry breaking preserves SU(2)c,
giving 〈X〉 = vXI, as we will now prove.
For simplicity, we will consider only one Higgs multiplet, X = (T, T ) under
SU(2)L × SU(2)R. Once we show that X gives equal masses to W± and W 3, the result is
easily extended to a model consisting of an arbitrary set of multiplets X by noting that
the resulting gauge boson mass–squared matrix is the sum of the mass–squared matrices
coming from each X.
The electroweak gauge boson mass terms come from the covariant derivatives
in the Lagrangian with the vev of X inserted. The covariant derivatives of X in the
Lagrangian are
L = 1
2
Tr[(DµX)†(DµX)] (E.10)
where the covariant derivative is
Dµ = ∂µ − igW aµT a − ig′
Y
2
Bµ. (E.11)
T a are the generators of SU(2)L and Y is the hypercharge. The hypercharge is related to
the third component of the SU(2)R by,
Y
2
X = −XT 3. (E.12)
The SU(2)c–symmetric vev of X is 〈X〉 = vXI. Putting all this together, the relevant part
of the Lagrangian becomes
L = 1
2
Tr
[(
igW aµvXT
a − ig′BµT 3vX
) (
−igW bµT bvX + ig′BµvXT 3
)]
(E.13)
=
g2
2
v2XW
a
µW
bµTr[T aT b]− 2gg
′
2
v2XW
a
µB
µTr[T aT 3]
+
g′2
2
v2XBµB
µTr[T 3T 3]. (E.14)
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The traces over the SU(2) generators of a representation r with isospin T are given by
Tr[T ar T
b
r ] = C(r)δ
ab, where C(r) = T (T+1)(2T+1)/3 is a constant for each representation
r. We find,
L = T (T + 1)(2T + 1)
3
v2X
2
[g2W aµW
aµ − 2gg′W 3µBµ + g′2BµBµ]. (E.15)
The resulting mass–squared matrix for the gauge bosons is,
M2 =
T (T + 1)(2T + 1)
3
v2X


g2 0 0 0
0 g2 0 0
0 0 g2 −gg′
0 0 −gg′ g′2

 (E.16)
where the rows and columns correspond to W 1µ , W
2
µ , W
3
µ , and Bµ. Note that equal masses
are given to all three W a.
The gauge boson masses are as follows. W 1µ and W
2
µ mix to form the charge
eigenstates
W±µ =
1√
2
(W 1µ ∓W 2µ), (E.17)
with mass M2W = g
2v2XT (T + 1)(2T + 1)/3. W
3
µ and Bµ mix to form the Zµ and the
(massless) photon Aµ,
Zµ =
1√
g2 + g′2
(gW 3µ − g′Bµ) (E.18)
= cWW
3
µ − sWBµ (E.19)
Aµ =
1√
g2 + g′2
(g′W 3µ + gBµ) (E.20)
= sWW
3
µ + cWBµ (E.21)
where cW = cos θW , sW = sin θW , and cW is,
cW =
g√
g2 + g′2
. (E.22)
Finally the Z mass is M2Z = (g
2 + g′2)v2XT (T + 1)(2T + 1)/3.
Combining MW , MZ , and cW , we find that the ρ parameter is
ρ =
M2W
M2Zc
2
W
= 1 (E.23)
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in this model, for any values of vX and T . This result remains true for a Higgs sector
consisting of any combination of multiplets X as long as 〈X〉 is invariant under SU(2)c for
each X.
In the SM, T = 1/2 giving C(r) = 1/2. The resultingW and Z masses are, using
vSM =
√
2vX = 246 GeV,
M2W =
g2
4
v2SM (E.24)
M2Z =
g2 + g′2
4
v2SM . (E.25)
E.3 The Georgi–Machacek model with Higgs triplets
In this section we review in detail a model with custodial SU(2) symmetry and
Higgs triplets. This model was first constructed by Georgi and Machacek [42]. It was
considered in greater depth by Chanowitz and Golden [43], who showed that a Higgs
potential for the model could be constructed that was invariant under the full SU(2)L ×
SU(2)R. This ensured that radiative corrections from Higgs self–interactions preserved
SU(2)c. A more detailed study of the phenomenology of the model [44] and naturalness
problems from one–loop effects [45] was made by Gunion, Vega, and Wudka. This model
is also reviewed in [11].
Notation and conventions
This model contains a complex Y = 1 doublet Φ = (φ+, φ0), a real Y = 0
triplet ξ = (ξ+, ξ0, ξ−) (with ξ0∗ = ξ0 and ξ− = −ξ+∗), and a complex Y = 2 triplet
χ = (χ++, χ+, χ0). In the SU(2)L × SU(2)R notation, the Higgs fields take the form
Φ =
(
φ0∗ φ+
−φ+∗ φ0
)
(E.26)
χ =

 χ
0∗ ξ+ χ++
−χ+∗ ξ0 χ+
χ++∗ ξ− χ0

 (E.27)
which transform respectively as a (1/2, 1/2) and (1, 1) of SU(2)L×SU(2)R. This definition
differs slightly from that of references [42,44,45,11], which use χ = (χ++, χ+, χ0∗), so
that χ0∗ appears in place of χ0. Otherwise the phase conventions here are the same.
(References [42,44,45,11] define the negative–charged states φ− = −(φ+)∗, χ−− = (χ++)∗,
and χ− = −(χ+)∗. We avoid these definitions in order to avoid confusion when the
Georgi–Machacek model is extended to larger representations of SU(2)L × SU(2)R.)
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The electroweak symmetry breaking preserves tree level custodial SU(2)c when
the vevs of the fields are diagonal,
〈Φ〉 =
(
vφ/
√
2 0
0 vφ/
√
2
)
(E.28)
〈χ〉 =

 vχ 0 00 vχ 0
0 0 vχ

 (E.29)
For the triplets, this means 〈χ0〉 = 〈ξ0〉. (In the notation of [42,44,45,11] the vevs are
vφ = a, vχ = b.)
The W± and Z masses fix a combination of the vevs. At tree level,
M2W = M
2
Z cos
2 θW =
g2
4
v2SM (E.30)
=
g2
4
(v2φ + 8v
2
χ). (E.31)
As in [42,44,45,11] we define the doublet–triplet mixing angle θH by
tan θH =
2
√
2vχ
vφ
, (E.32)
so that
cH ≡ cos θH = vφ√
v2φ + 8v
2
χ
(E.33)
sH ≡ sin θH =
√
8vχ
v2φ + 8v
2
χ
. (E.34)
We also define the charged states of χ transforming in the triplet and fiveplet representa-
tions of SU(2)c,
χ+3 =
χ+ + ξ+√
2
(E.35)
χ+5 =
χ+ − ξ+√
2
, (E.36)
which obey the phase convention χ−3 = −(χ+3 )∗, χ−5 = −(χ+5 )∗. We use a slightly different
notation from references [42,44,45,11]. This notation will make the analysis of the gen-
eralized Georgi–Machacek model in section E.4 more straightforward. In the notation of
[42,44,45,11], χ±3 = ψ
± and χ±5 = ζ
±.
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The W and Z are given mass by absorbing the Goldstone bosons,
G03 = cHφ
0,i + sHχ
0,i (E.37)
G+3 = cHφ
+ + sHχ
+
3 (E.38)
which together form an SU(2)c triplet, with G
−
3 = −(G+3 )∗. The remaining physical
states are classified according to their transformation properties under SU(2)c. The model
contains a five-plet H++,+,0,−,−−5 , a triplet H
+,0,−
3 , and two singlets, H
0
1 and H
0′
1 . In terms
of the fields of Φ and χ, these states are,
H++5 = χ
++ (E.39)
H+5 = χ
+
5 (E.40)
H05 =
√
2ξ0 − χ0,r√
3
(E.41)
H+3 = −sHφ+ + cHχ+3 (E.42)
H03 = −sHφ0,i + cHχ0,i (E.43)
H01 = φ
0,r (E.44)
H0′1 =
√
2χ0,r + ξ0√
3
. (E.45)
According to our phase conventions, the charged states obey H−−5 = (H
++
5 )
∗, H−5 =
−(H+5 )∗, and H−3 = −(H+3 )∗. H03 is CP–odd while all the other neutral states are CP–
even.
Not all of these states need be mass eigenstates; in general they will mix with
each other in a way determined by the details of the Higgs potential. H++5 is always a
mass eigenstate since there is no other doubly–charged Higgs state for it to mix with. If
the Higgs potential is CP–invariant, then H03 will be a mass eigenstate, since H
0
3 is CP–
odd while all the other neutral Higgs states are CP–even. Finally, if the Higgs potential
is invariant under the full SU(2)L × SU(2)R symmetry, the mixing is further constrained.
After electroweak symmetry breaking, such a Higgs potential would remain invariant under
SU(2)c. Then states which transform under different representations of SU(2)c cannot mix
with each other. Thus in this case onlyH01 andH
0′
1 can mix; all the other states in equation
E.45 are mass eigenstates.
Chanowitz and Golden [43] showed that a Higgs potential could be constructed
which was invariant under SU(2)R × SU(2)L, and therefore preserved SU(2)c after elec-
troweak symmetry breaking. This potential has two benefits. First, the SU(2)c–preserving
vevs of the Higgs multiplets are required by the symmetry of the potential. Second, when
radiative corrections are included the SU(2)c symmetry is preserved to all orders in the
Higgs self couplings. Then the radiative corrections to ρ from Higgs self–interactions are
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zero. In addition, if the Higgs potential is invariant under SU(2)c, then Higgs states which
transform in a single representation of SU(2)c will be degenerate at tree level. This degen-
eracy will be preserved to all orders in the Higgs self couplings. In particular, H03 and H
±
3
will have the same mass, denoted MH3 , and H
0
5 , H
±
5 , and H
±±
5 will have the same mass,
denoted MH5 .
In the following sections we list the couplings for the Higgs states given in equation
E.45.
Couplings to fermions
The fermion couplings in this model have been studied in [44,11]. Only SU(2)L
doublets with Y = ±1 can have SU(2)L × U(1)Y invariant couplings to fermions without
violating lepton number. We will only consider couplings of this type. In principle the
Y = 2 triplet Higgs field can couple to the lepton–lepton channel, violating lepton number,
but we will assume that this does not happen.
Since only the doublet field couples to fermions, the fermion couplings of Higgs
mass eigenstates will arise from the overlap of the mass eigenstates with Φ. Under SU(2)c
Φ contains a singlet (H01 ) and a triplet. Therefore if the Higgs potential preserves the
SU(2)c symmetry, only SU(2)c singlets and triplets can have an overlap with Φ. This is
evident in the states of equation E.45. Only H±3 , H
0
3 , and H
0
1 will have nonzero fermion–
antifermion couplings. The couplings of the Higgs mass eigenstates to fermions in this
model are of the form
i(gLHf¯f ′PL + g
R
Hf¯f ′PR) = i(g
V
Hf¯f ′ + g
A
Hf¯f ′γ5) (E.46)
where PR,L = (1± γ5)/2. Using third–generation notation,
gVH0
1
ff¯ = −
gmf
2MW cH
(E.47)
gAH0
3
tt¯ = −
igmtsH
2MW cH
(E.48)
gAH0
3
bb¯ =
igmbsH
2MW cH
(E.49)
gL
H+
3
t¯b
=
−gmtsH√
2MW cH
(E.50)
gR
H+
3
t¯b
=
gmbsH√
2MW cH
. (E.51)
Analogous expressions hold for the couplings to leptons. H01 is CP–even so it has only
vector couplings to fermions. G0 and H03 are CP–odd so they have only axial–vector
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couplings to fermions. For completeness we also list the couplings of the Goldstone bosons
to fermions,
gAG0tt¯ =
igmt
2MW
(E.52)
gAG0bb¯ = −
igmb
2MW
(E.53)
gLG+ t¯b =
gmt√
2MW
(E.54)
gRG+ t¯b =
−gmb√
2MW
. (E.55)
These couplings agree with those in reference [11] except for the H03 couplings,
which differ by a minus sign. This sign comes from the sign of 〈H03 |φ0,i〉 = −sH , whereas in
reference [11], 〈H03 |φ0,i〉 = +sH . This difference is due ultimately to reference [11] defining
the neutral state of the Y = 2 SU(2)L triplet to be χ
0∗ instead of χ0.
Couplings to gauge bosons
In this section we list the Higgs couplings to vector bosons. The Higgs–Vector–
Vector (HVV) couplings in this model were first studied in [42], while the Higgs–Higgs–
Vector (HHV) couplings were first studied in [44]. For completeness we list them here,
using our phase conventions.
We list first the HVV couplings. The HV1V2 vertex is igHV1V2g
µν , where V1 and
V2 are any two vector bosons. The couplings are,
gH++
5
W−W− =
√
2gMW sH (E.56)
gH+
5
W−Z = −
gMW sH
cW
(E.57)
gH+
5
W−γ = 0 (E.58)
gH0
5
W−W+ =
gMW sH√
3
(E.59)
gH0
5
ZZ = −
2gMW sH√
3c2W
(E.60)
gH0
1
W−W+ = gMW cH (E.61)
gH0
1
ZZ =
gMW cH
c2W
(E.62)
gH0′
1
W−W+ =
2
√
2√
3
gMW sH (E.63)
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gH0′
1
ZZ =
2
√
2√
3
gMW sH
c2W
. (E.64)
The H±3 , H
0
3 states do not couple to vector boson pairs.
In the limit of sH → 0, H01 plays the role of the SM Higgs boson with SM
couplings, while the HVV and Higgs–fermion couplings of the rest of the states go to zero.
However we reemphasize that in this model with SU(2)c, sH is not required to be small.
There is a nonzero H+5 W
−Z coupling in this model, which is absent in any model
containing only Higgs doublets and singlets. This coupling raises the possibility of charged
Higgs production via Z → H+5 W− or W+ → H+5 Z, which are unmistakeable indications
of a Higgs sector containing multiplets larger than doublets.
Finally we note that the couplings of H3 and H5 are strikingly different. H3
couples to fermion–antifermion pairs and not to gauge boson pairs, while H5 couples to
gauge boson pairs and not to fermion–antifermion pairs. Thus, disregarding HV and HH
channels, the H3 can only couple and decay to fermion–antifermion pairs while the H5 can
only couple and decay to gauge boson pairs.
We now list the HHV couplings. The H1H2V vertex is igH1H2V (p1− p2)µ, where
p1 (p2) is the incoming momentum of H1 (H2). The couplings are,
gH0
1
(H+
3
)∗W+ = +
gsH
2
(E.65)
gH0
1
(H+
5
)∗W+ = 0 (E.66)
gH0′
1
(H+
3
)∗W+ = −
√
2
3
gcH (E.67)
gH0′
1
(H+
5
)∗W+ = 0 (E.68)
gH0
5
(H+
3
)∗W+ =
−gcH
2
√
3
(E.69)
gH0
5
(H+
5
)∗W+ =
√
3
2
g (E.70)
gH0
3
(H+
5
)∗W+ = −i
g
2
cH (E.71)
gH0
3
(H+
3
)∗W+ = −i
g
2
(E.72)
gH+
5
(H++
5
)∗W+ =
−g√
2
(E.73)
gH+
3
(H++
5
)∗W+ =
−gcH√
2
(E.74)
gH0
3
H0
1
Z =
−igsH
2cW
(E.75)
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gH0
3
H0′
1
Z =
√
2igcH√
3cW
(E.76)
gH0
3
H0
5
Z =
−igcH√
3cW
(E.77)
g(H+
5
)∗H+
3
Z =
−gcH
2cW
(E.78)
g(H+
3
)∗H+
3
Z =
g
cW
(
1
2
− s2W
)
(E.79)
g(H+
5
)∗H+
5
Z =
g
cW
(
1
2
− s2W
)
(E.80)
g(H++
5
)∗H++
5
Z =
g
cW
(1− 2s2W ). (E.81)
Couplings of a pair of charged Higgs bosons to the photon are diagonal and are determined
solely by the charge,
gH+
3
(H+
3
)∗γ = gH+
5
(H+
5
)∗γ = −e (E.82)
gH++
5
(H++
5
)∗γ = −2e. (E.83)
E.4 The generalized Georgi–Machacek models
In this section we describe our generalization of the Georgi–Machacek model to
include multiplets of arbitrary isospin, while still preserving SU(2)c [63].
We construct a generalized Georgi–Machacek model out of a set of multiplets
X = (T, T ) of SU(2)L × SU(2)R. The SU(2)L ×U(1)Y content of some of these are listed
in table E.1. The multiplets X acquire vevs proportional to the unit matrix, 〈X〉 = vXI,
in order to preserve SU(2)c. We assume that the Higgs potential is symmetric under the
full SU(2)L × SU(2)R, so that after electroweak symmetry breaking the Higgs potential
preserves SU(2)c. This has three significant consequences. First, the vevs of the multiplets
X automatically preserve SU(2)c. Second, SU(2)c is not broken by radiative corrections
in the Higgs sector, so ρ = 1 to all orders in the Higgs self couplings. Finally, the physical
Higgs states can be classified by their transformation properties under SU(2)c, and states
in different representations of SU(2)c do not mix with each other.
Let us define the following notation for the states that transform under SU(2)c.
A Higgs doublet Φ = (1/2, 1/2) decomposes after electroweak symmetry breaking into a
singlet and a triplet under SU(2)c. We will denote the singlet by Φ1 = H
0
1 (in analogy to the
triplet Georgi–Machacek model), and the triplet by Φ3 = (Φ
+
3 ,Φ
0
3,Φ
−
3 ). Similarly, a general
multiplet X = (T, T ) decomposes into the SU(2)c multiplets 2T ⊕ 2T − 1⊕· · ·⊕ 1⊕ 0. We
will denote these as X4T+1,X4T−1, . . . ,X3,X1. We will also define X1 = H0′1 , in analogy
to the triplet Georgi–Machacek model.
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T Y (TL, TR)
1/2 1 (1/2,1/2)
1 0
1 2 (1,1)
3/2 1
3/2 3 (3/2,3/2)
2 0
2 2 (2,2)
2 4
5/2 1
5/2 3 (5/2,5/2)
5/2 5
3 0
3 2
3 4 (3,3)
3 6
...
...
...
Table E.1:
Sets of multiplets of SU(2)L×U(1)Y which combine into a single multiplet of SU(2)L×
SU(2)R in the generalized Georgi–Machacek models. Multiplets with Y = 0 are real;
the rest are complex.
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For simplicity we consider a model which contains only two multiplets of fields,
one doublet, Φ = (1/2, 1/2), and one larger multiplet, X = (T, T ). In general, the two
SU(2)c singlets, Φ1 and X1, will mix with each other to form mass eigenstates. The two
SU(2)c triplets, Φ3 and X3, will also mix with each other to form the triplet of Goldstone
bosons and a physical triplet of Higgs states. The remaining SU(2)c multiplets of X will
not mix and will be mass eigenstates.
In section E.4.1 we derive the fermion–antifermion couplings of all the Higgs
states in a generalized Georgi–Machacek model. In section E.4.2 we derive some of the
Higgs couplings to vector bosons. In particular, we find the ZH+3 H
−
3 coupling, which
appears in the loop corrections to the Zbb¯ vertex, and the H01 , H
0′
1 couplings to vector
boson pairs, which are relevant for Higgs boson production at LEP and the Tevatron.
E.4.1 Couplings to fermions
In this section we describe how the Higgs couplings to fermions arise in the
generalized Georgi–Machacek models. For simplicity we consider a model containing two
multiplets of fields, Φ = (1/2, 1/2) and X = (T, T ). Φ is the usual SU(2)L doublet with
hypercharge 1. X is an exotic multiplet with isospin T under both SU(2)L and SU(2)R.
Φ couples to fermions in the normal way, while X does not couple to fermions.
The Yukawa coupling to a fermion f is
λf =
√
2mf
vφ
(E.84)
where 〈φ0〉 = vφ/
√
2. This is a Type I model since a single Higgs doublet gives mass to all
fermions.
The vevs are constrained by the W mass to obey the relation
(
2MW
g
)2
= v2SM =
∑
k
2v2k(Tk(Tk + 1)− Y 2k /4) +
∑
i
2v2i Ti(Ti + 1) (E.85)
where k runs over the complex representations of SU(2)L, i runs over the real represen-
tations of SU(2)L with Yi = 0, and the vevs are normalized according to 〈φ0k〉 = vk/
√
2
and 〈η0i 〉 = vi. Summing over Φ and the multiplets of X, and using vk =
√
2vX for the
complex representations in X, we obtain
(
2MW
g
)2
= v2SM = v
2
φ +
4
3
T (T + 1)(2T + 1)v2X (E.86)
for any T . Using this, we can write vφ as
vφ = vSM cos θH (E.87)
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where we have defined a mixing angle θH in analogy with the triplet Georgi–Machacek
model as
tan θH =
√
4
3T (T + 1)(2T + 1)vX
vφ
. (E.88)
This mixing angle also appears in the Goldstone bosons, as we will show below. In terms
of θH the Yukawa coupling for fermion f is
λf =
gmf√
2MW cos θH
. (E.89)
Note that the Yukawa couplings increase as vφ decreases.
The couplings of the Higgs mass eigenstates to fermions in this model are of the
form
i(gLHf¯f ′PL + g
R
Hf¯f ′PR) = i(g
V
Hf¯f ′ + g
A
Hf¯f ′γ5) (E.90)
where PR,L = (1± γ5)/2 and using third–generation notation,
gVH0
i
ff¯ = −
1√
2
λf 〈H0i |φ0,r〉 (E.91)
gAA0
i
tt¯ = +
i√
2
λt〈A0i |φ0,i〉 (E.92)
gAA0
i
bb¯ = −
i√
2
λb〈A0i |φ0,i〉 (E.93)
gR
H+
i
t¯b
= −λb〈H+i |φ+〉 (E.94)
gL
H+
i
t¯b
= +λt〈H+i |φ+〉. (E.95)
Thus the Higgs–fermion couplings depend on the overlap of Higgs mass eigenstates with
Φ. Since Φ contains only a singlet and a triplet of SU(2)c, only singlets and triplets of
SU(2)c can couple to fermions.
SU(2)c singlets
The fermion couplings of the SU(2)c singlets are straightforward to find. The two
singlets are,
H01 = Φ1 = φ
0,r (E.96)
H0′1 = X1. (E.97)
An expression for X1 is derived in section E.4.2. H
0
1 and H
0′
1 mix by an arbitrary angle
to form the mass eigenstates. Their couplings to fermions are
gVH0
1
ff¯ = −
gmf
2MW cos θH
(E.98)
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gVH0′
1
ff¯ = 0. (E.99)
Since H01 and H
0′
1 are CP–even they have only vector couplings to fermions. Their axial–
vector couplings gA are zero. Note that in terms of θH , these couplings are the same as
the corresponding couplings in the triplet Georgi–Machacek model. If H01 and H
0′
1 mix by
an angle α to form the mass eigenstates
H0 = cosαH01 + sinαH
0′
1 = cosαφ
0,r + sinαX1 (E.100)
h0 = − sinαH01 + cosαH0′1 = − sinαφ0,r + cosαX1, (E.101)
then the couplings to fermions will be
gVH0ff¯ = −
gmf cosα
2MW cos θH
(E.102)
gVh0ff¯ = +
gmf sinα
2MW cos θH
. (E.103)
SU(2)c triplets
In order to find the fermion couplings of the SU(2)c triplets, we must first find
the mass eigenstates. The SU(2)c triplets Φ3 and X3 mix to form a triplet of Goldstone
bosons and a triplet of physical states. We will denote the triplet of Goldstone bosons by
G3 = (G
+, G0, G−) and the triplet of physical states by H3 = (H+3 ,H
0
3 ,H
−
3 ).
The neutral Goldstone boson is given by
G0 =
∑
k Ykvkφ
0,i
k√∑
k Y
2
k v
2
k
(E.104)
where again k runs over the complex representations of SU(2)L and the vevs are normalized
according to 〈φ0k〉 = vk/
√
2. X03 is the combination of the multiplets of X that appears in
G0, which can be obtained by setting vφ = 0,
X03 =
∑
k∈X Ykvkχ
0,i
k√∑
k∈X Y 2k v
2
k
. (E.105)
Inserting this and the contribution from Φ into equation E.104 we obtain
G0 =
√∑
k∈X(Y 2k v
2
k)X
0
3 + vφΦ
0
3√∑
k∈X(Y 2k v
2
k) + v
2
φ
(E.106)
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where Φ03 = φ
0,i. Summing over the multiplets of X, and using vk =
√
2vX for the complex
representations in X, we obtain
G0 =
vX
√
4
3T (T + 1)(2T + 1)X
0
3 + vφΦ
0
3√
v2X
4
3T (T + 1)(2T + 1) + v
2
φ
(E.107)
= sin θHX
0
3 + cos θHΦ
0
3 (E.108)
where θH is the mixing angle defined in equation E.88. The orthogonal state is the neutral
member of the physical SU(2)c triplet,
H03 = cos θHX
0
3 − sin θHΦ03. (E.109)
We can now find the fermion couplings of the neutral members of the SU(2)c triplets.
They are, using third–generation notation,
gAG0tt¯ =
igmt
2MW
(E.110)
gAG0bb¯ = −
igmb
2MW
(E.111)
gAH0
3
tt¯ = −
igmt tan θH
2MW
(E.112)
gAH0
3
bb¯ =
igmb tan θH
2MW
. (E.113)
Since G0 and H03 are CP–odd they have only axial–vector couplings to fermions. Their
vector couplings gV are zero. Note that in terms of θH , these couplings are the same as
the corresponding couplings in the triplet Georgi–Machacek model.
We now find the couplings for the charged states G± and H±3 . The charged
Goldstone boson is given by
G+ =
{∑
k
[
[Tk(Tk + 1)− Yk(Yk − 2)/4]1/2 vkφ+k
− [Tk(Tk + 1)− Yk(Yk + 2)/4]1/2 vk(φ−k )∗
]
+
∑
i
[2Ti(Ti + 1)]
1/2 viη
+
i
}
×
{∑
k
2v2k[Tk(Tk + 1)− Y 2k /4] +
∑
i
2v2i Ti(Ti + 1)
}−1/2
(E.114)
where again k runs over the complex representations of SU(2)L and the vevs are normalized
according to 〈φ0k〉 = vk/
√
2. X+3 is the combination of the multiplets of X that appears in
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G+, which can be obtained by setting vφ = 0 in equation E.114,
X+3 =


∑
k∈X
[
[T (T + 1)− Yk(Yk − 2)/4]1/2 vkχ+k
− [T (T + 1)− Yk(Yk + 2)/4]1/2 vk(χ−k )∗
]
+
∑
i∈X
[2T (T + 1)]1/2 viξ
+
i
}
×


∑
k∈X
2v2k[T (T + 1)− Y 2k /4] +
∑
i∈X
2v2i T (T + 1)


−1/2
. (E.115)
Inserting this and the contribution from Φ into equation E.114, we obtain
G+ =
√∑
k∈X 2v2k(T (T + 1)− Y 2k /4) +
∑
i∈X 2v2i T (T + 1)X
+
3 + vφΦ
+
3√∑
k∈X(2v2k(T (T + 1)− Y 2k /4)) +
∑
i∈X(2v2i T (T + 1)) + v
2
φ
(E.116)
where Φ+3 = φ
+. Summing over the multiplets of X, using vk =
√
2vX for the complex
representations in X, and remembering that X only contains a real representation if T is
an integer (in which case vi = vX), we obtain for any T ,
G+ =
vX
√
4
3T (T + 1)(2T + 1)X
+
3 + vφΦ
+
3√
v2X
4
3T (T + 1)(2T + 1) + v
2
φ
(E.117)
= sin θHX
+
3 + cos θHΦ
+
3 (E.118)
where again θH is the mixing angle defined in equation E.88. The orthogonal state is the
charged member of the physical SU(2)c triplet,
H+3 = cos θHX
+
3 − sin θHΦ+3 . (E.119)
We can now find the fermion couplings of the charged members of the SU(2)c triplets.
They are, using third–generation notation,
gLG+ t¯b =
gmt√
2MW
(E.120)
gRG+ t¯b =
−gmb√
2MW
(E.121)
gL
H+
3
t¯b
=
−gmt tan θH√
2MW
(E.122)
gR
H+
3
t¯b
=
gmb tan θH√
2MW
(E.123)
Note that in terms of θH , these couplings are the same as the corresponding couplings in
the triplet Georgi–Machacek model.
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E.4.2 Couplings to gauge bosons
In this section we derive some of the Higgs couplings to vector bosons in the
generalized Georgi–Machacek models. In particular, we find the ZH+3 H
−
3 coupling, which
appears in the loop corrections to the Zbb¯ vertex, and the H01 , H
0′
1 couplings to vector
boson pairs, which are relevant for Higgs boson production at LEP and the Tevatron.
ZH+3 H
−
3 couplings
In general, all the charged Higgs bosons will couple to Z. However, since only
singlets and triplets of SU(2)c can couple to fermions, only the ZH
+
3 H
−
3 , ZG
+G−, and
ZH+3 G
− couplings will affect the Zbb¯ vertex.
The charged Higgs couplings to Z come from the covariant derivatives in the
Lagrangian. The φ+(φ+)∗Z vertex is igφ+(φ+)∗Z(p1 − p2)µ, where p1 is the incoming
momentum of φ+ and p2 is the incoming momentum of (φ
+)∗. For a complex representation
with hypercharge Y or a real representation with hypercharge Y = 0 the coupling is
gφ+(φ+)∗Z = −
e
sW cW
(c2W − Y/2). (E.124)
The electroweak eigenstates mix to form the mass eigenstates H+3 and G
+. The couplings
of these mass eigenstates are given by
gH1H2Z =
∑
φi
∑
φj
〈H1|φi〉〈H2|φj〉gφiφjZ , (E.125)
or, for H+3 and G
+,
gH+
3
(H+
3
)∗Z =
∑
φk
|〈H+3 |φ+k 〉|2gφ+
k
(φ+
k
)∗Z (E.126)
gG+(G+)∗Z =
∑
φk
|〈G+|φ+k 〉|2gφ+
k
(φ+
k
)∗Z (E.127)
gH+
3
(G+)∗Z =
∑
φk
〈H+3 |φ+k 〉〈φ+k |G+〉gφ+
k
(φ+
k
)∗Z . (E.128)
We derive the couplings in two stages. We first derive the Φ+3 (Φ
+
3 )
∗Z and X+3 (X
+
3 )
∗Z
couplings, then we take into account the mixing between Φ and X.
The Φ3 coupling is simple to derive since Φ involves only one SU(2)L multiplet,
the Y = 1 doublet. The Φ+3 coupling is, as in the SM,
gΦ+
3
(Φ+
3
)∗Z = gφ+(φ+)∗Z = −
e
sW cW
(
1
2
− s2W
)
. (E.129)
115
E.4 The generalized Georgi–Machacek models
In order to find the X+3 coupling, we must use equation E.125 to sum up the
contributions of each of the SU(2)L multiplets in X. From equation E.115 we can find the
overlap of X+3 with each of the SU(2)L multiplets of X. For the complex multiplets, using
vk =
√
2vX and evaluating the sums in the denominator,
〈X+3 |χ+k 〉2 =
2T (T + 1)− Yk(Yk − 2)/2
4
3T (T + 1)(2T + 1)
(E.130)
〈X+3 |(χ−k )∗〉2 =
2T (T + 1)− Yk(Yk + 2)/2
4
3T (T + 1)(2T + 1)
. (E.131)
If T is an integer there is also one real multiplet, with Y = 0 and vi = vX , which gives
〈X+3 |ξ+〉2 =
2T (T + 1)
4
3T (T + 1)(2T + 1)
. (E.132)
The coupling of each of the SU(2)L multiplets is
gχ+
k
(χ+
k
)∗Z = −
e
sW cW
(c2W − Yk/2) (E.133)
g(χ−
k
)∗χ−
k
Z = +
e
sW cW
(−c2W − Yk/2) (E.134)
gξ+(ξ+)∗Z = −
e
sW cW
(c2W ). (E.135)
Inserting these into equation E.125 and summing over the multiplets of X, we find, for
any T ,
gX+
3
(X+
3
)∗Z = −
e
sW cW
(
1
2
− s2W
)
, (E.136)
the same as for an SU(2)L doublet.
When Φ+3 and X
+
3 mix to form mass eigenstates, the couplings remain the same.
They are,
gH+
3
(H+
3
)∗Z = gG+(G+)∗Z = −
e
sW cW
(
1
2
− s2W
)
(E.137)
gH+
3
(G+)∗Z = 0. (E.138)
Note that the H+3 (H
+
3 )
∗Z coupling is the same as the H+H−Z coupling in the two Higgs
doublet model, and there is no H+3 G
−Z coupling.
In general, for a model with SU(2)c containing any number of multiplets X, the
couplings of the SU(2)c triplet mass eigenstates are
gH+
3
(H+′
3
)∗Z =
∑
X
gX+
3
(X+
3
)∗Z〈H+3 |X+3 〉〈X+3 |H+′3 〉
= − e
sW cW
(
1
2
− s2W )〈H+3 |H+′3 〉. (E.139)
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H01 , H
0′
1 couplings to vector boson pairs
We now consider the couplings of the SU(2)c singlets to vector boson pairs. The
neutral Higgs couplings to W+W− and ZZ come from the covariant derivatives in the
Lagrangian. The φ0,rV1V2 vertex is igφ0,rV1V2g
µν , where V1 and V2 are any two vector
bosons. Note that only CP–even states couple in this way to vector boson pairs. For
a complex representation with hypercharge Y or a real representation with hypercharge
Y = 0 the couplings are
gφ0,rW+W− = g
2v
(
T (T + 1)− Y 2/4
)
(E.140)
gφ0,rZZ =
g2v
c2W
Y 2
2
(E.141)
where 〈φ0〉 = v/√2 for a complex representation and 〈η0〉 = v for a real representation.
The couplings of H01 are easy to derive, because H
0
1 = φ
0,r involves only one
SU(2)L multiplet, the Y = 1 doublet. The H
0
1 couplings are,
gH0
1
W+W− =
g2vφ
2
= gMW cos θH (E.142)
gH0
1
ZZ =
g2vφ
2c2W
=
gMW cos θH
c2W
(E.143)
where we have used vφ/vSM = cos θH and vSM = 2MW /g.
In order to find the couplings of H0′1 , we must sum up the contribution of each
electroweak eigenstate in H0′1 using
gHV1V2 =
∑
φi
〈H|φi〉gφiV1V2 . (E.144)
We now need an expression for the composition of H0′1 in terms of electroweak eigenstates.
H0′1 is the SU(2)c singlet of X; that is, H0′1 is the state that remains invariant under
simultaneous SU(2)L and SU(2)R rotations of X by the same angle. Clearly, H
0′
1 must be
proportional to the unit matrix, just as 〈X〉 is. In terms of the electroweak eigenstates,
for integer T ,
H0′1 =
∑
complex(χ
0
k + (χ
0
k)
∗) + ξ0√
2T + 1
=
∑T
k=1
√
2χ0,rk + ξ
0
√
2T + 1
, (E.145)
and for half–odd–integer T ,
H0′1 =
∑
complex(χ
0
k + (χ
0
k)
∗)√
2T + 1
=
∑T+1/2
k=1
√
2χ0,rk√
2T + 1
. (E.146)
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We have denoted the SU(2)L components of X as follows. We denote the complex multi-
plets of SU(2)L as χk and, for integer T , the real multiplet as ξ. The couplings of each of
the SU(2)L multiplets are
gχ0,r
k
W+W− =
√
2g2vX(T (T + 1)− Y 2k /4) (E.147)
gξ0W+W− = g
2vXT (T + 1) (E.148)
g
χ0,r
k
ZZ
=
√
2g2vX
c2W
Y 2k
2
(E.149)
gξ0ZZ = 0 (E.150)
where we have used 〈χ0k〉 = vX and 〈ξ0〉 = vX . Inserting these into equation E.144 and
summing over the multiplets of X, we find,
gH0′
1
W+W− = gMW
√
4
3
T (T + 1) sin θH (E.151)
gH0′
1
ZZ =
gMW
c2W
√
4
3
T (T + 1) sin θH (E.152)
where we have used sin θH =
√
4
3T (T + 1)(2T + 1)vX/vSM and vSM = 2MW /g.
E.5 Absence of a massless Goldstone boson in the general-
ized Georgi–Machacek models
In a general extended Higgs sector which does not preserve SU(2)c, the Higgs
potential will sometimes have an accidental continuous global symmetry. For example, the
Higgs potential may be invariant under a separate U(1) rotation of each of the multiplets.
This is the case, for example, in a model containing one doublet and one larger multiplet
with (T, Y ) = (3, 4), which preserves ρ = 1. The Higgs potential for this model has the
symmetries SU(2)L × U(1)Y × U(1), where the second U(1) is a rotation of the larger
multiplet, leaving the doublet invariant. This second U(1) is a global symmetry.
In general, the global symmetry is spontaneously broken when the multiplets
larger than doublets get vevs, resulting in massless Goldstone bosons in the physical spec-
trum. As described in reference [41], the physical spectrum must also contain a light
CP–even Higgs boson H0 with mass on the order of the vev of the larger multiplet. This
is required because the mass splitting between the massless Goldstone boson and H0 is on
the order of the vev that breaks the accidental global symmetry. Such a massless Gold-
stone boson is then ruled out by the experimental limits on Z → a0H0, where a0 is the
massless Goldstone boson [41].
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In this section we will show that the generalized Georgi–Machacek models do
not suffer from this massless Goldstone boson problem. The key feature of the Georgi–
Machacek models that we will use is the fact that a multiplet X of SU(2)L × SU(2)R can
be thought of as a real multiplet. X can be transformed into a Cartesian basis, in which
all the components of X are real, through independent left– and right–handed unitarty
rotations. This is possible because an n × n matrix X contains n2 degrees of freedom,
so it can be written as an n × n real matrix. In contrast, a complex representation of
SU(2)L×U(1)Y which is an n component vector has 2n degrees of freedom, and so cannot
be rotated into a Cartesian basis.
In the Cartesian basis, the SU(2)L and SU(2)R generators ~τ can be chosen to be
imaginary and antisymmetric. Then the SU(2)L × SU(2)R transformation matrices have
the property that,
UTR,L = exp[−iθR,LnˆR,L · ~T TR,L] = exp[+iθR,LnˆR,L · ~TR,L] = U †R,L (E.153)
U∗R,L = exp[+iθR,LnˆR,L · ~T ∗R,L] = exp[−iθR,LnˆR,L · ~TR,L] = UR,L. (E.154)
Using these, we find that in the Cartesian basis, the term Tr(XTX) transforms as follows
under SU(2)L × SU(2)R,
Tr(XTX) → Tr(UTRXTU∗LU †LXUR)
= Tr(U †RX
TULU
†
LXUR)
= Tr(XTX). (E.155)
Thus in the Cartesian basis, the term Tr(XTX) is invariant under SU(2)L × SU(2)R,
and can appear in the Higgs potential. This term is not invariant under a global U(1)
transformation of X, under which X → eiθX. Instead, the term transforms as,
Tr(XTX) → Tr(eiθXT eiθX)
= e2iθTr(XTX) 6= Tr(XTX). (E.156)
Thus we conclude that the Higgs potential of a generalized Georgi–Machacek model is not
invariant under any additional U(1) rotations.
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Calculation of one–loop integrals
In this section I describe the techniques used to calculate the integrals that arise
in one–loop radiative corrections. The methods used here are based on the work of ’t
Hooft, Veltman and Passarino [64,65].
In section F.1 I introduce the one–loop integrals, following Hollik [66], and in
section F.2 I provide details of their calculation. In section F.3 I list the derivatives of
the one–loop integrals which appear in the calculation of wave–function renormalization.
Finally, in section F.4 I list the symmetries of the one–loop integrals and in section F.5 I
give expansions of some of the integrals in certain limits, following [67].
F.1 Notation for one–loop integrals
In this section I list the definitions of the one–loop integrals used. I use the metric
gµν = diag(1,−1,−1,−1). This section follows the discussion of Hollik [66].
One–point integral:
This integral occurs in the calculation of tadpole diagrams, where the particle in
the loop has mass m and k is the loop momentum.
µ4−D
∫
dDk
(2π)D
1
k2 −m2 =
i
16π2
A(m2). (F.1)
The integral will be evaluated in dimensional regularization (see section F.2) in D dimen-
sions. The parameter µ is the renormalization scale with dimensions of mass.
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Two–point integrals:
These integrals occur in the calculation of corrections to a particle propagator,
with loop momentum k. The two particles in the loop have masses m1 and m2. The
external momentum is q.
µ4−D
∫
dDk
(2π)D
1; kµ; kµkν
[k2 −m21][(k + q)2 −m22]
=
i
16π2
B0;µ;µν(q
2;m21,m
2
2). (F.2)
The vector and tensor integrals Bµ and Bµν can be expanded into scalar coefficients and
Lorentz covariants as follows:
Bµ = qµB1 (F.3)
Bµν = gµνB22 + qµqνB21. (F.4)
Note that the scalar coefficients depend only on the square of the external four–momentum
q2.
Three–point integrals:
These integrals occur in the calculation of corrections to a three–particle vertex.
The loop momentum is k and the three particles in the loop have masses m1, m2 and m3.
The external momenta are p1, p2, and p = −(p1 + p2), where all momenta are defined to
flow into the vertex.
µ4−D
∫
dDk
(2π)D
1; kµ; kµkν
[k2 −m21][(k + p1)2 −m22][(k + p1 + p2)2 −m23]
=
i
16π2
C0;µ;µν(p
2
1, p
2
2, p
2;m21,m
2
2,m
2
3). (F.5)
The vector and tensor integrals Cµ and Cµν can again be expanded into scalar coefficients
and Lorentz covariants:
Cµ = pµ1C11 + p
µ
2C12 (F.6)
Cµν = gµνC24 + p
µ
1p
ν
1C21 + p
µ
2p
ν
2C22 (F.7)
+(pµ1p
ν
2 + p
µ
2p
ν
1)C23. (F.8)
Note that the scalar coefficients again depend only on the squares of the external four–
momenta.
In reference [66] the three–point integrals are defined exactly as in equation F.5.
Note, however, that reference [66] uses the notation C0;µ;µν(p1, p2;m1,m2,m3) for the
three–point integrals.
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F.2 Calculation of one–loop integrals
The coefficients of the vector and tensor one–loop integrals can all be expressed
algebraically in terms of the scalar integrals A, B0 and C0. (For details of the calculation
see [66].) We have, for the two–point integrals,
B1(q
2;m21,m
2
2) =
1
2q2
[
A(m21)−A(m22)
+(m22 −m21 − q2)B0(q2;m21,m22)
]
(F.9)
B22(q
2;m21,m
2
2) =
1
6
[
A(m22) + 2m
2
1B0(q
2;m21,m
2
2)
+(q2 +m21 −m22)B1(q2;m21,m22) +m21 +m22 −
q2
3
]
(F.10)
B21(q
2;m21,m
2
2) =
1
3q2
[
A(m22)−m21B0(q2;m21,m22)
−2(q2 +m21 −m22)B1(q2;m21,m22)−
m21 +m
2
2
2
+
q2
6
]
. (F.11)
Note that equation F.9 for B1 differs from the expression in [66] in that m
2
1 and m
2
2 are
interchanged in the coefficient of B0. This is necessary in order for B1 to have the correct
divergent piece, as discussed below.
The three–point integrals are listed below. The arguments of all the three–point
integrals are assumed to be (p21, p
2
2, p
2;m21,m
2
2,m
2
3), as in section F.1.
C11 =
1
κ
[p22R1 − p1 · p2R2] (F.12)
C12 =
1
κ
[−p1 · p2R1 + p21R2] (F.13)
C24 =
1
4
[B0(p
2
2;m
2
2,m
2
3) + r1C11 + r2C12 + 2m
2
1C0 + 1] (F.14)
C21 =
1
κ
[p22R3 − p1 · p2R5] (F.15)
C23 =
1
κ
[−p1 · p2R3 + p21R5] =
1
κ
[p22R4 − p1 · p2R6] (F.16)
C22 =
1
κ
[−p1 · p2R4 + p21R6] (F.17)
where
κ = p21p
2
2 − (p1 · p2)2 (F.18)
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r1 = p
2
1 +m
2
1 −m22 (F.19)
r2 = p
2 − p21 +m22 −m23 (F.20)
R1 =
1
2
[B0(p
2;m21,m
2
3)−B0(p22;m22,m23)− (p21 +m21 −m22)C0] (F.21)
R2 =
1
2
[B0(p
2
1;m
2
1,m
2
2)−B0(p2;m21,m23) + (p21 − p2 −m22 +m23)C0] (F.22)
R3 = −C24 − 1
2
[r1C11 −B1(p2;m21,m23)−B0(p22;m22,m23)] (F.23)
R4 = −1
2
[r1C12 −B1(p2;m21,m23) +B1(p22;m22,m23)] (F.24)
R5 = −1
2
[r2C11 −B1(p21;m21,m22) +B1(p2;m21,m23)] (F.25)
R6 = −C24 − 1
2
[r2C12 +B1(p
2;m21,m
2
3)]. (F.26)
Finally the integrals A, B0 and C0 are calculated using dimensional regularization
[68,69,70] in D dimensions with D = 4− ǫ and ǫ→ 0 (for details see [66]). The one–point
integral is
A(m2) = m2
(
∆− log m
2
µ2
+ 1
)
+O(ǫ). (F.27)
The divergent part is
∆ =
2
ǫ
− γ + log 4π, (F.28)
where γ = 0.577 . . . is Euler’s constant, and µ is the renormalization scale with dimensions
of mass. Note that in computations of physical processes both ∆ and µ must cancel out
of the final result. This provides a useful check on computations. The divergent parts of
all the one–loop integrals are listed at the end of this section. Note also that the divergent
term can pick out the ǫ in D = 4− ǫ yielding a finite additional term,
D ·∆ = 4∆− 2 +O(ǫ). (F.29)
The two–point integral B0 is
B0(q
2;m21,m
2
2) = ∆−
∫ 1
0
dx log
(
x2q2 − x(q2 +m21 −m22) +m21 − iε
µ2
)
. (F.30)
The three–point integral C0(p
2
1, p
2
2, p
2;m21,m
2
2,m
2
3) is
C0 = −
∫ 1
0
dx
∫ x
0
dy
1
ax2 + by2 + cxy + dx+ ey + f
(F.31)
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where
a = p2 (F.32)
b = p22 (F.33)
c = p21 − p22 − p2 (F.34)
d = m23 −m21 − p2 (F.35)
e = m22 −m23 + p2 − p21 (F.36)
f = m21 − iε. (F.37)
Note that there is a mistake in the expression for e in reference [66], in whichm23 is replaced
with m21.
It is easy to find the divergent terms in the one–loop integrals. They are,
A(m2) = m2∆+ finite (F.38)
B0 = ∆+ finite (F.39)
B1 = −1
2
∆ + finite (F.40)
B22(q
2;m21,m
2
2) =
1
4
[
m21 +m
2
2 −
q2
3
]
∆+ finite (F.41)
B21 =
1
3
∆ + finite (F.42)
C24 =
1
4
∆ + finite. (F.43)
The integrals C0, C11, C12, C21, C22, and C23 are all finite, as are the combinations
R1, . . . , R6. This list is useful because it allows one to easily check that the divergences
cancel in the calculation of a physical process. The divergent terms are also relevant in
the calculation of renormalization group equations.
F.3 Derivatives of two–point integrals
In this section I list the derivatives of the one–loop integrals B0, B1, B22, and
B21 with respect to the external momentum. These derivatives appear in calculations of
corrections to a process from loop corrections to the external legs.
Let us define the shorthand notation
B′(M2;m21,m
2
2) ≡
[
∂
∂q2
B(q2;m21,m
2
2)
]
q2=M2
(F.44)
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for the type of derivative which typically appears in the wave–function renormalization. All
of the derivatives of the two–point integrals can be expressed in terms of other two–point
integrals and the derivative of B0.
B′1(q
2;m21,m
2
2) = −
1
q2
[
B1 +
1
2
B0 +
1
2
(q2 +m21 −m22)B′0
]
(F.45)
B′22(q
2;m21,m
2
2) =
1
6
[
B1 − 1
3
+ 2m21B
′
0 + (q
2 +m21 −m22)B′1
]
(F.46)
B′21(q
2;m21,m
2
2) = −
1
3q2
[
3B21 + 2B1 − 1
6
+m21B
′
0
+2(q2 +m21 −m22)B′1
]
. (F.47)
Finally, B′0 is given by
B′0(q
2;m21,m
2
2) =
∫ 1
0
dx
x(1− x)
x2q2 − x(q2 +m21 −m22) +m21
. (F.48)
The integrals B′0, B′1, and B′21 are finite. The integral B′22 has a divergent term,
B′22 = −
1
12
∆ + finite. (F.49)
F.4 Symmetries of the one–loop integrals under permutaion
of their arguments
In this section I list the symmetry properties of the one–loop integrals under
interchange of their arguments.
The two–point integrals obey symmetry relations under the interchange of m1
and m2. B0 is symmetric under the exchange,
B0(q
2;m21,m
2
2) = B0(q
2;m22,m
2
1). (F.50)
The symmetry properties of the remaining two–point integrals are more complicated be-
cause they involve powers of the loop momentum in the numerator. B1 obeys the following
relation,
B1(q
2;m21,m
2
2) = −B1(q2;m22,m21)−B0(q2;m22,m21) (F.51)
or, using equation F.50 to symmetrize this,[
B1 +
1
2
B0
]
(q2;m21,m
2
2) = −
[
B1 +
1
2
B0
]
(q2;m22,m
2
1). (F.52)
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B22 and B21 obey the following relations,
B22(q
2;m21,m
2
2) = B22(q
2;m22,m
2
1) (F.53)
B21(q
2;m21,m
2
2) = [B21 + 2B1 +B0] (q
2;m22,m
2
1) (F.54)
or, using equation F.51 to symmetrize this,
[B21 +B1] (q
2;m21,m
2
2) = [B21 +B1] (q
2;m22,m
2
1). (F.55)
The three–point integrals can be represented by a triangle with the vertices la-
belled by the external momenta and the sides labelled by the masses of the particles in
the loop. The symmetry properties of the three–point integrals under permutations of m1,
m2 and m3 correspond to rotations and inversions of the triangle. C0 obeys the following
symmetries:
C0(p
2
1, p
2
2, p
2;m21,m
2
2,m
2
3) = C0(p
2
2, p
2
1, p
2;m23,m
2
2,m
2
1)
= C0(p
2, p21, p
2
2;m
2
3,m
2
1,m
2
2) = C0(p
2
1, p
2, p22;m
2
2,m
2
1,m
2
3)
= C0(p
2
2, p
2, p21;m
2
2,m
2
3,m
2
1) = C0(p
2, p22, p
2
1;m
2
1,m
2
3,m
2
2). (F.56)
The same symmetries are obeyed by C24. The symmetries of the remaining three–point
integrals are more complicated. They are as follows. The symmetries of C11 are,
C11(p
2
1, p
2
2, p
2;m21,m
2
2,m
2
3) = [−C12 − C0](p22, p21, p2;m23,m22,m21) (F.57)
= [−C11 + C12 − C0](p2, p21, p22;m23,m21,m22) (F.58)
= [−C11 + C12 − C0](p21, p2, p22;m22,m21,m23) (F.59)
= [−C12 − C0](p22, p2, p21;m22,m23,m21) (F.60)
= C11(p
2, p22, p
2
1;m
2
1,m
2
3,m
2
2). (F.61)
The symmetries of C12 are,
C12(p
2
1, p
2
2, p
2;m21,m
2
2,m
2
3) = [−C11 − C0](p22, p21, p2;m23,m22,m21) (F.62)
= [−C11 − C0](p2, p21, p22;m23,m21,m22) (F.63)
= C12(p
2
1, p
2, p22;m
2
2,m
2
1,m
2
3) (F.64)
= [C11 − C12](p22, p2, p21;m22,m23,m21) (F.65)
= [C11 − C12](p2, p22, p21;m21,m23,m22). (F.66)
The symmetries of C21 are,
C21(p
2
1, p
2
2, p
2;m21,m
2
2,m
2
3) = [C22 + 2C12 + C0](p
2
2, p
2
1, p
2;m23,m
2
2,m
2
1) (F.67)
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= [C21 + C22 − 2C23 + 2C11 − 2C12 + C0]
(p2, p21, p
2
2;m
2
3,m
2
1,m
2
2) (F.68)
= [C21 + C22 − 2C23 + 2C11 − 2C12 + C0]
(p21, p
2, p22;m
2
2,m
2
1,m
2
3) (F.69)
= [C22 + 2C12 + C0](p
2
2, p
2, p21;m
2
2,m
2
3,m
2
1) (F.70)
= C21(p
2, p22, p
2
1;m
2
1,m
2
3,m
2
2). (F.71)
The symmetries of C22 are,
C22(p
2
1, p
2
2, p
2;m21,m
2
2,m
2
3) = [C21 + 2C11 + C0](p
2
2, p
2
1, p
2;m23,m
2
2,m
2
1) (F.72)
= [C21 + 2C11 + C0](p
2, p21, p
2
2;m
2
3,m
2
1,m
2
2) (F.73)
= C22(p
2
1, p
2, p22;m
2
2,m
2
1,m
2
3) (F.74)
= [C21 + C22 − 2C23](p22, p2, p21;m22,m23,m21) (F.75)
= [C21 + C22 − 2C23](p2, p22, p21;m21,m23,m22). (F.76)
Finally, the symmetries of C23 are,
C23(p
2
1, p
2
2, p
2;m21,m
2
2,m
2
3) = [C23 + C12 + C11 + C0](p
2
2, p
2
1, p
2;m23,m
2
2,m
2
1) (F.77)
= [C21 − C23 + 2C11 − C12 + C0]
(p2, p21, p
2
2;m
2
3,m
2
1,m
2
2) (F.78)
= [C22 − C23 − C12](p21, p2, p22;m22,m21,m23) (F.79)
= [C22 − C23 − C11 + C12](p22, p2, p21;m22,m23,m21)(F.80)
= [C21 − C23](p2, p22, p21;m21,m23,m22). (F.81)
The symmetry relations of B0, B1, and all the C integrals agree with those in [71],
except for equations F.70 and F.71 for C21 which are interchanged in [71], and equations
F.78 and F.80 for C23 which are interchanged in [71]. Reference [71] does not list symmetry
relations for B22 and B21.
F.5 Approximations for the one–loop integrals in certain
limits
Expansions for the one–loop integrals in certain limits have been given in [67].
For easy reference, I reproduce here the expansions which I have used in this thesis.
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F.5.1 (m/M)2 ≡ R 6= 0,∞
The results given below are valid for arbitrary R as long as m2,M2 ≫ p21, p22, p2.
Note that for the corrections to the process Z → bb¯, the external momenta are p21 = p2 =
m2b and p
2
2 =M
2
Z . These results are relevant for the charged Higgs corrections to Z → bb¯,
where m = mt and M is a charged Higgs mass.
B1(p
2;m2,M2) = −1
2
[
∆− log(M2/µ2) + 3
2
+
1
R− 1 −
R2 logR
(R− 1)2
]
− p
2
6M2
[
2
R− 1 +
9
(R− 1)2 +
6
(R− 1)3 −
6R2 logR
(R − 1)4
]
(F.82)
C0(p
2
1, p
2
2, p
2;M2,m2,m2) =
1
M2
[
− 1
R− 1 +
logR
(R− 1)2
]
(F.83)
C24(p
2
1, p
2
2, p
2;M2,m2,m2) =
1
4
[
∆− log(M2/µ2) + 1
2
− 1
R− 1 −
R(R− 2) logR
(R− 1)2
]
+
(p21 + p
2)
24M2
[
1
R− 1 −
3
(R− 1)2 −
6
(R− 1)3 +
6R logR
(R − 1)4
]
+
p22
72M2
[
2
R− 1 −
3
(R− 1)2 +
6
(R − 1)3
− 6 logR
(R− 1)4
]
. (F.84)
There are also expansions of C0 and C24 in the limit that all three particles in
the loop are much heavier than the external particles,
C0(0, 0, 0;m
2
1,m
2
2,m
2
3) = −
[m21m
2
2 log(m
2
1/m
2
2) +m
2
2m
2
3 log(m
2
2/m
2
3) +m
2
3m
2
1 log(m
2
3/m
2
1)]
[m21 −m22][m22 −m23][m21 −m23]
,
(F.85)
which is negative for any internal masses m1, m2, and m3. It is also symmetric under
permutations of m1, m2, and m3. C24 is related to this by
C24(0, 0, 0;m
2
1 ,m
2
2,m
2
3) =
1
4
[
B0(0;m
2
2,m
2
3) +m
2
1C0(0, 0, 0;m
2
1 ,m
2
2,m
2
3) +
1
2
]
(F.86)
This equation is also symmetric under permutations of m1, m2, and m3. B0 is given by,
B0(0;m
2
2,m
2
3) = ∆− log(m22/µ2)−
m23
m22 −m23
log(m22/m
2
3) + 1. (F.87)
128
Calculation of one–loop integrals
F.5.2 m ≃ 0 (R ≡ (m/M)2 ≃ 0)
In expanding the two– and three–point integrals that appear in the neutral Higgs
corrections to Z → bb¯, m = mb and M is a neutral Higgs mass. The external momenta are
p21 = p
2 = m2b and p
2
2 =M
2
Z , as before. However, now one cannot use the expansions given
above, because m2 ≪ p22. The previous expansions were derived for m2 ≫ p22. As pointed
out in reference [67], one cannot simply take the limit R→ 0 in the formulas above, since
some of the results will diverge. The divergences are cut off by p22. The results given below
were derived in [67] for M2 ≫ p21, p22, p2 ≫ m2. However, they are still valid for the case
p21 = p
2 = m2 = m2b . In the formulas below we neglect mb.
B1(p
2
1;m
2,M2) = −1
2
[
∆− log(M2/µ2) + 1
2
]
+O(p21/M2) (F.88)
C0(p
2
1, p
2
2, p
2;M2,m2,m2) = − 1
M2
[log(−M2/p22) + 1]
= − 1
M2
[log(M2/p22) + 1 + iπ] (F.89)
C24(p
2
1, p
2
2, p
2;M2,m2,m2) =
1
4
[
∆− log(M2/µ2) + 3
2
+
p22
3M2
log(−M2/p22) +
5p22
18M2
]
=
1
4
[
∆− log(M2/µ2) + 3
2
+
p22
3M2
[log(M2/p22) + iπ]
+
5p22
18M2
]
(F.90)
[C22 − C23](p21, p22, p2;M2,m2,m2) =
1
6M2
[
log(−M2/p22)−
1
6
]
=
1
6M2
[
log(M2/p22) + iπ −
1
6
]
. (F.91)
Note the imaginary parts of the three–point functions above. These are a consequence of
the fact that the internal b quark lines in the diagram of figure 5.1(b) can be cut, yielding
the on–shell decay Z → bb¯.
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Combining the LEP and SLD
measurements of Ab
Ab is measured directly at SLD from the b quark left–right forward–backward
asymmetry. This is possible because the electron and positron polarizations at SLD are
nonzero and the polarizations are known. However, at LEP, the electron and positron
beams are not polarized longitudinally. For this reason, Ab can only be measured indirectly
at LEP, in the form of the b quark forward–backward asymmetry. The forward–backward
asymmetry also depends on Ae. We assume lepton universality, so that Ae = Aµ = Aτ ≡
Al.
In this appendix I describe the procedure used for combining the LEP and SLD
determinations of Ab. The procedure is as follows. First the lepton asymmetry Al is
extracted from the LEP and SLD data. In particular, the LEP measurements of the
electron forward–backward asymmetry and the tau polarization measurements are used.
The SLD measurement of sin2 θlepteff also yields a measurement of Al. Second, the combined
LEP and SLD value of Al is used to extract Ab from the LEP measurement of the b quark
forward–backward asymmetry. Finally, the value of Ab found indirectly from the LEP
data in this way is combined with the direct measurement of Ab from SLD.
At LEP, Al is measured in three different ways. First, it can be found from the
lepton forward–backward asymmetry, A0,lFB,
A0,lFB =
3
4
A2l . (G.1)
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Solving this for Al, we obtain the first LEP determination of Al,
Al =
√
4
3
A0,lFB . (G.2)
The second and third LEP measurements of Al come from the τ polarization measurement.
This allows a direct measurement of Ae and of Aτ . Assuming lepton universality, these
are both equated to Al.
At SLD, Al is measured directly and the result is expressed in terms of sin
2 θlepteff .
Both Al and sin
2 θlepteff are defined in terms of the vector and axial–vector couplings of
leptons to Z, gVl and g
A
l . In particular,
sin2 θlepteff ≡
1
4
(
1− g
V
l
gAl
)
(G.3)
Al =
2gVl g
A
l
(gVl )
2 + (gAl )
2
. (G.4)
Solving these for Al in terms of sin
2 θlepteff , Al is,
Al =
2(1− 4 sin2 θlepteff )
1 + (1− 4 sin2 θlepteff )2
. (G.5)
The three LEP values of Al and the one SLD value are then combined.
The LEP value of Ab is extracted from the b quark forward–backward asymmetry,
A0,bFB, using the combined LEP and SLD measurement of Al. A
0,b
FB is,
A0,bFB =
3
4
AeAb. (G.6)
Solving this for Ab, and again assuming lepton universality,
Ab =
4
3
A0,bFB
Al
. (G.7)
Then Ab is found by inserting the value of A
0,b
FB measured at LEP and the combined value
of Al determined from LEP and SLD as described above.
At SLD, Ab is measured directly. To find the combined LEP and SLD value of
Ab, the SLD measurement is combined with the LEP value determined above.
The current measurements of the input parameters and the combined value of
Ab are summarized in table G.1.
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A0,lFB (LEP) 0.01683 ± 0.00096
Ae (LEP τ polarization) 0.1479 ± 0.0051
Aτ (LEP τ polarization) 0.1431 ± 0.0045
sin2 θlepteff (SLD) 0.23109 ± 0.00029
Al from LEP and SLD 0.1489 ± 0.0017
A0,bFB (LEP) 0.0991 ± 0.0020
Ab from SLD 0.908 ± 0.027
Ab from LEP and SLD 0.895 ± 0.016
Table G.1:
Input data and results for the combined LEP and SLD determination of Ab. Inputs
are taken from reference [4].
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Appendix H
SM parameters used in numerical
calculations
In this appendix we list the SM parameters that have been used in our numerical
calculations of Rb and Ab in extended Higgs sectors. The parameters are listed in table
H.1.
For all the input parameters except mb, we have used the values extracted from
a fit of the precision electroweak data to the SM. As shown in table H.2, the difference
between using the SM fit values and the measured values of the parameters is very small.
The largest fractional difference between the SM fit and measured value occurs
for mt. In order to show the effect of this difference on Rb, we calculate the correction
to Rb from charged Goldstone boson exchange in the SM using both values for mt. We
obtain,
∆Rb(m
SM−fit
t ) = −0.00174 (H.1)
∆Rb(m
measured
t ) = −0.00180. (H.2)
The difference in Rb between the two choices of mt is 0.00006. This is negligible compared
to the experimental uncertainty in Rb, which is 0.00073. We thus ignore the uncertainty
in mt in our numerical calculations.
For the b quark mass, we use the MS running mass evaluated at MZ , denoted
m¯b(MZ). As discussed in reference [74], it is appropriate to use m¯b(MZ) in calculations
involving b quarks at the scale MZ , because the running mass takes into account the large
QCD corrections to mb which are enhanced by log(MZ/mb).
For the SM fit value of Rb, we have used R
SM
b = 0.21587, instead of the oft–
quoted value, RSMb = 0.2158. The old SM prediction for Rb is no longer precise enough
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Parameter Value Source Reference
α−1(MZ) 128.898 SM fit [72]
sin2 θlepteff 0.23157 SM fit [73]
MW 80.371 GeV SM fit [73]
MZ 91.1865 GeV SM fit [73]
mb 3.0 GeV m¯b(MZ) (MS mass) [33]
mt 171.8 GeV SM fit [4]
RSMb 0.21587 SM fit (from pull) [4]
ASMb 0.935 SM fit [4]
Table H.1: The SM parameters used in our numerical calculations.
Parameter SM fit Measured Fractional difference (%)
α−1(MZ) 128.898 128.878 0.02%
sin2 θlepteff 0.23157 0.2321 0.2%
MW 80.371 GeV 80.448 GeV 0.1%
MZ 91.1865 GeV 91.1867 GeV 0.0005%
mt 171.8 GeV 174.3 GeV 1.4%
Table H.2:
A comparison of the SM fit values of the SM parameters with their measured values,
and the percent difference between the two. The SM fit values are the same as in
table H.1, and the measured values are from reference [4].
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Measurement Pull SM value
Rb 0.21680 ± 0.00073 1.27 0.21587
Table H.3:
The measured value of Rb, its pull from the SM fit, and the corresponding SM fit value.
The pull is defined as the number of standard deviations by which the measured value
differs from the SM fit value. The numbers are from reference [4].
Confidence level Number of σ Rb value
95% 1.96 0.21537
99% 2.58 0.21492
99.9% 3.3 0.21439
Table H.4:
The values of Rb that correspond to the 95%, 99%, and 99.9% confidence levels below
the measured value.
now that the measured value of Rb and its experimental error are quoted to five decimal
places. Our value is extracted from reference [4], which quotes the measured value of Rb,
the experimental error, and the pull, which is the number of standard deviations between
the measured value and the SM fit. Although the SM fit value is not quoted in reference
[4], we can deduce it from the pull. The numbers are summarized in table H.3. Note that
a pull of 1.27 means that the measured value of Rb is 1.27 σ above the SM fit value.
Finally, in table H.4 we list the values of Rb that correspond to the 95%, 99%,
and 99.9% confidence levels below the measured value. These confidence levels correspond
to the contours in our exclusion plots in chapter 6.
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Appendix I
Constraints from direct Higgs searches
In this appendix I describe the searches for Higgs boson production at LEP and
the resulting limits on the masses of Higgs states.
I.1 Charged Higgs searches
The search for singly–charged Higgs bosons at LEP looks for charged Higgs boson
pair production via Z → H+H−, followed by decays to τντ or qq¯′. The best bound on the
charged Higgs mass from the data at
√
s = 189 GeV comes from the OPAL collaboration,
which excludes charged Higgs bosons up to a mass of 68.7 GeV at the 95% confidence level
[54]. The bound is independent of the branching ratio BR(H± → τντ ), assuming that
BR(H± → qq¯′)+BR(H± → τντ ) = 1. This condition is true as long as the charged Higgs
boson can only decay into quarks and leptons. In models with two or more singly–charged
Higgs bosons, the heavier charged Higgs boson can decay into the lighter charged Higgs
boson and a neutral Higgs boson, if the decay is kinematically allowed. However, we will
be using the mass bound of reference [54] to constrain the mass of the lighter charged
Higgs boson only, so this is not a concern. Finally, the charged Higgs boson decay into
W± and a neutral boson is not kinematically allowed.
The bound also depends on the production cross section of the charged Higgs
boson pair. In the analysis of reference [54] it is assumed that the ZH+H− coupling is
that in the 2HDM,
gZH+H− = −
e
sW cW
(
1
2
− s2W
)
. (I.1)
This coupling, and hence the production cross section, is the same in a model containing
multiple doublets and singlets, and in the Georgi–Machacek models for H±3 . The bound is
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used for these models in figures 6.1 and 6.9. However, the coupling is not the same in the
models containing doublets and triplets without SU(2)c symmetry. In the models with one
or two doublets and one real, Y = 0 triplet, the coupling is larger than in the 2HDM, and
hence the production cross section is larger. Therefore in these models, the charged Higgs
mass bound from reference [54] is still valid, and is in fact a conservative bound. The
bound is used in figure 6.7 for the model with two doublets and one Y = 0 triplet. In the
models with one or two doublets and one complex, Y = 2 triplet, the coupling is smaller
than in the 2HDM. Hence the charged Higgs boson production cross section is smaller,
and the mass bound from reference [54] is no longer valid. This is the case in figure 6.8,
for the model with two doublets and one Y = 2 triplet.
I.2 Neutral Higgs searches
The search for neutral Higgs bosons at LEP looks for neutral Higgs boson pro-
duction in two ways. In the search for the standard model Higgs boson, LEP looks for the
process e+e− → Z∗ → Zh0. In the search for the neutral Higgs bosons of the Minimal
Supersymmetric Model (MSSM), LEP looks for the above process, in addition to the pro-
cess e+e− → Z∗ → h0A0. The implications of these searches for the neutral Higgs bosons
in the general 2HDM are discussed in the following sections.
I.2.1 SM Higgs search
In the SM, the dominant Higgs boson production mode at LEP energies is
e+e− → Z∗ → Zh0, (I.2)
where Z∗ is an off–shell Z boson and the final Z and h0 are on–shell.
From the LEP data taken at a center–of–mass energy of
√
s = 189 GeV, the
lower limits on the SM Higgs mass from the four LEP experiments are summarized in
table I.1 [56]. The best bound comes from the DELPHI and L3 experiments; they find
Mh0
SM
> 95.2 GeV.
If we make some simplifying assumptions, we can extract from this measurement
a lower bound on the mass of the CP–even neutral Higgs bosons in the 2HDM. In the
2HDM, the ZZh0 coupling is reduced from its SM value by a factor of sin(β − α). Thus
the cross section for Zh0 production is reduced by a factor of sin2(β−α). Also, for a fixed
center–of–mass energy, the Zh0 production cross section decreases with increasing Higgs
mass.
If we assume that the background and the Zh0 detection efficiency are fairly flat
as a function of the Higgs mass, as suggested by figure 27 of reference [75], then we can take
the LEP lower bound on the SM Higgs mass as an upper bound on the Zh0 production
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Mh0 (GeV)
ALEPH 90.2
DELPHI 95.2
L3 95.2
OPAL 91.0
Table I.1:
The observed lower bounds on the SM Higgs mass from the four LEP experiments,
from data taken at
√
s = 189 GeV. Data from reference [56].
cross section. We can then translate the LEP bound on the SM Higgs mass into a bound
on sin2(β − α) as a function of the Higgs mass.
In the SM, the tree–level cross section for Zh0 production in e+e− collisions is
[11],
σSM (e
+e− → Zh0) = πα
2λ1/2[λ+ 12sM2Z ][1 + (1− 4s2W )2]
192s2s4W c
4
W (s−M2Z)2
, (I.3)
where s is the square of the center–of–mass energy, sW = sin θW , cW = cos θW , and λ is a
kinematic factor,
λ = (s−M2h0 −M2Z)2 − 4M2h0M2Z . (I.4)
In the 2HDM, the cross section is multiplied by a factor of sin2(β − α),
σ(e+e− → Zh0) = σSM (e+e− → Zh0) sin2(β − α). (I.5)
The LEP bound on Mh0 in the SM fixes σSM (e
+e− → Zh0). If we then vary
Mh0 in the 2HDM cross section, we find a lower bound on the Higgs mass as a function of
sin2(β −α). This bound is shown in figure I.1. A similar analysis was done by Sopczak in
reference [76], using the LEP data taken at center–of–mass energies between 161 and 172
GeV.
For sin2(β−α) = 1, the bound onMh0 is the same as in the SM,Mh0 > 95.2 GeV.
This bound is used in figure 6.6. For sin2(β − α) = 1/2, the bound on Mh0 is Mh0 > 87
GeV. This bound is used in figures 6.2 and 6.3.
The decays of h0 in the 2HDM differ from those of the SM Higgs boson in one
important way. If the CP–odd state A0 has less than half the mass of the h0, then the
decay mode h0 → A0A0 becomes possible. Since the h0A0A0 coupling is typically of order
unity while the h0bb¯ coupling is suppressed by a factor of mb/v1, h
0 → A0A0 could be the
dominant decay of h0. In this case, the final state will contain six b jets, since all three
of the A0 particles will decay dominantly to b quarks. This final state should be easy to
detect in a dedicated search.
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Figure I.1:
Constraint on sin2(β−α) as a function ofMh0 in the 2HDM. The area above the line is
excluded. We have assumed that the Higgs boson detection efficiency and background
are constant as a function of the Higgs mass.
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Mh0 (GeV) MA0 (GeV)
ALEPH 80.8 81.2
DELPHI 83.5 84.5
L3 77.0 78.0
OPAL 74.8 76.5
Table I.2:
The observed lower bounds on the masses of the MSSM Higgs bosons h0 and A0 from
the four LEP experiments, from data taken at
√
s = 189 GeV. Data from reference
[56].
I.2.2 2HDM Higgs search
The search for neutral Higgs bosons at LEP is sensitive to the neutral Higgs
bosons of the 2HDM. However, the analysis of the LEP data is done in the context of the
Higgs sector of the Minimal Supersymmetric Model (MSSM), in which the Higgs sector
is constrained by supersymmetry relations. Fortunately, the Higgs mass bounds in the
MSSM can be reinterpreted as constraints on a general 2HDM.
In the MSSM, the dominant Higgs boson production modes at LEP energies are,
e+e− → Z∗ → Zh0 (I.6)
and
e+e− → Z∗ → h0A0, (I.7)
where again Z∗ is an off–shell Z boson and the final–state particles are on–shell.
From the LEP data taken at a center–of–mass energy of
√
s = 189 GeV, the lower
limits on the MSSM Higgs masses from the four LEP experiments are summarized in table
I.2 [56]. The best bound comes from the DELPHI experiment, which finds Mh0 > 83.5
GeV and MA0 > 84.5 GeV, for arbitrary tan β.
As discussed in the previous section, the cross section for Zh0 production is
proportional to sin2(β−α) in a 2HDM. The Zh0A0 coupling is proportional to cos(β−α),
so the cross section for h0A0 production is proportional to cos2(β − α).
The limits on the MSSM Higgs masses observed by the LEP experiments actually
depend on the value of tan β. For both the h0 and A0 searches, the bounds are weakest at
large tan β; these are the values quoted in table I.2. In the MSSM, the parameters of the
Higgs sector are correllated, so that at large tan β, cos(β − α) is very close to one. Thus
the bounds quoted in table I.2 come from the search for h0A0 production.
As in the previous section, if we assume that the backgrounds and detection
efficiency for h0 and A0 are independent of the Higgs masses, we can use the MSSM mass
bounds to deduce bounds on the h0 and A0 masses in the general 2HDM.
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In the 2HDM, the tree–level cross section for h0A0 production in e+e− collisions
is [11],
σ(e+e− → h0A0) = g
2f2
48π
(
8s4W − 4s2W + 1
c2W
)
κ3√
s[(s −M2Z)2 + Γ2ZM2Z ]
(I.8)
where ΓZ is the Z decay width, κ is a kinematic factor,
κ =
[
(s −M2h0 −M2A0)2 − 4M2h0M2A0
]1/2
2
√
s
(I.9)
and f is a coupling factor,
f =
g
2cW
cos(β − α). (I.10)
We can now extend the MSSM Higgs boson search results to the general 2HDM.
The LEP bound on Mh0 and MA0 fixes the cross section with cos
2(β − α) = 1. With our
assumptions, we can then vary Mh0 and cos
2(β−α) and find lower bound on MA0 . In our
analysis, we fix cos2(β − α), then vary Mh0 and find a lower bound on MA0 . We do this
for two values of cos2(β − α).
For cos2(β − α) = 1, we find the bound shown in figure I.2. As expected, this
bound passes through the MSSM point with Mh0 = 83.5 GeV and MA0 = 84.5 GeV. This
bound is used in figures 6.4 and 6.5. Note also that for cos2(β −α) = 0, the bound shown
in figure I.2 is the bound on the A0 mass as a function of the mass of the heavier CP–even
neutral Higgs boson, H0. This bound is used in figure 6.6.
For cos2(β−α) = 1/2, we find the bound shown in figure I.3. This bound is used
in figures 6.2 and 6.3.
In making figures I.2 and I.3 we have assumed that the backgrounds and detection
efficiencies for h0 and A0 are constant for all Higgs masses. This is not a good assumption
for very light Higgs bosons (for example, below 10 GeV) because the Higgs branching ratio
to b quarks will be suppressed by the non–negligible b quark mass. The LEP searches look
for Higgs boson decays to b quarks in order to tag the events.
Also, as discussed before, if the A0 has less than half the mass of the h0, the
decay mode h0 → A0A0 becomes possible. Since the h0A0A0 coupling is typically of order
unity while the h0bb¯ coupling is suppressed by a factor of mb/v1, h
0 → A0A0 could be the
dominant decay of h0. In this case, the final state will contain six b jets, since all three of
the A0 particles will decay dominantly to b quarks. Again, one would think that this final
state would be easy to detect.
In summary, the bounds presented in figures I.2 and I.3 are good for Mh0 and
MA0 near 80 GeV. However, for either Mh0 or MA0 very small, the assumptions on which
our derivation is based become less reliable.
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Figure I.2:
Bounds onMh0 andMA0 in the 2HDM for cos
2(β−α) = 1. The area below the line is
excluded. We have assumed that the Higgs boson detection efficiency and background
are constant as a function of the Higgs masses.
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Figure I.3:
Bounds on Mh0 and MA0 in the 2HDM for cos
2(β − α) = 1/2. The area below the
line is excluded. We have assumed that the Higgs boson detection efficiency and
background are constant as a function of the Higgs masses.
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